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Zusammenfassung

ZUSAMMENFASSUNG

Bakterielle Lipasen stellen eine wichtige Gruppe von Enzymen im biotechnologischen und
biomedizinischen Bereich dar. Aufgrund ihrer Fiahigkeit Glycerinester zu hydrolysieren, sind
sie in der Lebensmittel-, Waschmittel- und Pharmaindustrie sehr gefragt. In den letzten
Jahrzehnten ist sowohl die biotechnologische Optimierung dieser Lipasen, als auch ihre
biotechnologische Produktion auf die Bediirfnisse der Industrie angepasst worden und somit
auch zu einem wichtigen Forschungsthema in der Wissenschaft geworden. Der erste Schritt der
biotechnologischen Produktion der Lipasen ist die Uberexpression, die sich allerdings als sehr
schwierig herausstellt hat. So benétigen Lipasen aus Pseudomonas und Burkholderia die
Unterstiitzung der Lipase-spezifischen Foldase Lif, damit sie ihre katalytisch aktive
Konformation erreichen. Nur Lipasen in ihrer aktiven Konformation kdnnen industriell genutzt
werden, sodass ein starker Bedarf besteht den Faltungsmechanismus dieser Lipasen auf

molekularer Ebene zu untersuchen und zu verstehen.

Lipasen werden nach ihren Aminoséuresequenzen und biologischen Eigenschaften in acht
Familien eingeteilt. Familie I umfasst die Vertreter der “echten” Lipasen, zu denen auch die
Lipase A aus Pseudomonas aeruginosa (PaLipA) zahlt. Abgesehen von ihrer kommerziellen
Relevanz ist PaLipA ein bekannter Virulenzfaktor mit Relevanz in verschiedenen Krankheiten,
wie Mukoviszidose. Ziel dieser Dissertation war es, den Aktivierungsmechanismus von
PaLipA durch die Lipase-spezifische Foldase PaLif mittels computerbasierten Methoden,
zusammen mit einer strukturellen Charakterisierung durch Fluoreszenzmessungen und in vitro

Experimenten, zu untersuchen.

Zunichst wurde eine computerbasierte Untersuchung der Foldase PaLif in Abwesenheit der
entsprechenden Lipase durchgefiihrt. Dies ermoglichte die Charakterisierung der
Funktionsdynamik der einzelnen Doménen von PaLif auf atomarer Ebene. Zweitens wurden

NMR-Strukturen fiir die stabile Domdne MDI1 von PaLif gelost und die strukturellen
11



Zusammenfassung

Determinanten der MD1 Domaéne bei der Aktivierung von PaLipA untersucht. Basierend auf
diesen Ergebnissen wurde ein potentieller Aktivierungsmechanismus abgeleitet, in dem auch
weitreichende Wechselwirkungen, die sich von PaLif bis zum aktiven Zentrum von PaLipA
erstrecken, eine Rolle spielen. Drittens wurde die Offnungsenergie des aktiven Zentrums von
PalipA in An- und Abwesenheit von Palif durch Molekulardynamiksimulationen
quantifiziert. Zudem analysierte ich die wichtigsten Wechselwirkungen zwischen PaLlif und
PaLipA hinsichtlich der mechanischen Stabilitit. Die vorliegende Arbeit liefert somit
molekulare Einblicke in die Aktivierungsmechanismen von PaLipA durch PaLif, was niitzlich
sein kann, um die biotechnologische Produktion von PaLipA im groflen Malstab zu

optimieren.
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Abstract

ABSTRACT

Bacterial lipases are an essential group of enzymes in the biotechnological and biomedical field.
Due to their ability to hydrolyze esters of glycerol, they are highly demanded in food, dairy,
detergent, and pharmaceutical industries. Over the last decades, optimization of these enzymes
and their production to meet industrial needs has become a relevant research topic for the
scientific community. For the production of these enzymes, the first step is overexpression,
which turns out to be a difficult step. Lipases from Pseudomonas and Burkholderia need the
assistance of the lipase-specific foldase Lif to achieve their active conformation before they are
secreted and can be harvested. Therefore, there is a strong need to comprehend the folding

mechanism of these lipases at the molecular level.

Lipases are classified according to their amino acid sequences and biological properties into
eight families. Family I represents “true” lipases. The lipase A from P. aeruginosa (PaLipA) is
a prominent member of this family. Beyond its commercial relevance, it is a known virulence

factor in many diseases such as cystic fibrosis.

The goal of this thesis was to investigate the activation mechanism of PalipA assisted by
lipase-specific foldase Palif by means of computational methods together with structural

characterization by fluorescence measurements and in vifro experiments.

First, a computational investigation of PaLif in the absence of its cognate lipase was performed.
This allowed the characterization of functional dynamics of the individual domains of PaLif at
an atomic level. Second, solution nuclear magnetic resonance structures have been solved for
the structurally stable domain MD1 of PaLif. Based on this data, the structural determinants of
this domain in the activation of PaLipA were investigated. These findings provide a putative
mechanism of long-range interactions spanning from PaLif to the active site of PaLipA. Third,

the energetics of active site opening in PalLipA with and without its foldase is quantified by

13



Abstract

unbiased and biased molecular dynamics simulations. Finally, I analyzed the key interactions
between PaLif and PaLipA with respect to mechanical stability, which provides the basis for a
possible mechanism of PaLipA activation via PaLif. The work done in this thesis provides a
detailed understanding of the mechanistic insights of the activation process of PaLipA, which

can be useful to optimize the production of this enzyme on a large scale.
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Introduction

1. INTRODUCTION

Over a century ago, C. Eijkman reported for the first time that several bacteria produce and
secrete lipases [1]. Lipases have an unusual catalytic activity to hydrolyze and synthesize long-
chain acylglycerols [2] with high chemo, regio- and stereoselectivity for their substrates [1].
Hence, they constitute the most important and widely used class of biocatalyst for many
industrial, pharmaceutical, and biotechnological applications [1] (section 2.3.1). The major
limitation of the use of lipases at the industrial scale is their high production cost. Therefore,
many studies have been initiated in order to optimize their production and to develop these
enzymes into the perfect tool for biotechnology The production of these enzymes is a
challenging task, as it is a multi-step process in which approximately 30 other intracellular
proteins are involved to ensure correct folding and activation of the respective lipase
(section 2.4.1) [1]. In addition, lipases require the complex type-2 secretion system (T2SS)
(section 2.2.2) in order to be secreted to extracellular medium [3]. Until now, the detailed
molecular mechanism of lipase folding and secretion is still unknown, which became the

motivation for this thesis.

Bacterial lipases are classified into eight different families according to their fundamental
biological properties and amino acid sequences [4]. Lipases from Pseudomonas and
Burkholderia belong to the subfamily I.1 and 1.2 of the family I, respectively. Lipase A
produced by the gram-negative bacterium Pseudomonas aeruginosa (PaLipA) came into the
spotlight over a past decade due to its remarkable catalytic properties and its role as a virulence
factor in many diseases (section 2.1 and 2.3) [5, 6]. It is one of the most prominent and well-
studied proteins of the “true” lipase family [7] with a solved structure and also the main subject
of this thesis. PaLipA is synthesized in the cytoplasm and translocated to the periplasm via Sec
translocase (section 2.2) [8], where it folds spontaneously to an inactive, near-native

(intermediate) state. This near-native state of PalLipA requires the assistance of the specific

15



Introduction

foldase Palif for its conversion into an enzymatically active conformation, which is the critical
step of PaLipA biogenesis (Figure 1) [9]. The requirement of such a foldase indicates a high
energy folding barrier between the near-native and native state of PaLipA, and PaLif helps
PaLipA to cross this barrier (section 2.4.2). Once activated, PaLipA traverses the bacterial

outer membrane by using the T2SS-involving Xcp machinery (section 2.2) [10].

Until now, the crystal structure of many homologous lipases have been solved, and they all
exhibit a unique core structure known as the o/B-hydrolase fold (section 2.4) [11-13]. All
enzymes from this family depend on the presence of three amino acids to form a catalytic triad,
which plays key roles in the catalytic reaction. Usually, a nucleophilic serine, a histidine, and
an aspartate or a glutamic acid form the catalytic triad at the binding site of lipases [14]. Lipases
also contain an oxyanion hole and a lid domain [15]. Remarkably, helix a5 forms the lid, which
shields the catalytic triad residues from the solvent, and thus prevents the substrate from
entering the binding site [16]. Several lipases are crystallized in the closed inactive
conformation where the lid domain occludes the binding site (section 2.4). The crystal structure
of PaLipA (PDB code: 1EX9) has been crystallized in an open conformation in the presence of
inhibitor, whereby helix a5 is displaced from the active site [17], and an additional partial -
sheet structure has formed in the region of residues 17-30, which forms the cleft of the binding
site (section 2.4). Despite the presence of the lid, lipases from P. aeruginosa and B. glumae are
exceptions as they do not show interfacial activation [18]. The crystal structure of lipase A from
B. glumae (BgLipA) in complex with its specific foldase (BgLif:LipA) (PDB code: 2ES4) [19]
was found to be virtually identical to that of free inactive closed lipase A (BgLipA.) (PDB code:
1QGE) [15]. In the complex, helix a5 is in the closed conformation while residues 17-30 formed
a partial B-sheet structure, which is a characteristic feature of open lipases (section 2.4).
Furthermore, the addition of substrate to the crystals results in lipase activity without affecting

the crystal integrity [19], which indicates that BgLipA in the complex is like a “loaded spring”
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Introduction

ready to move to the open state. It strongly suggests that the BgLipA is in an intermediate state
in the complex on the way to an open state. Here, I applied the aforementioned computational
methods (section 2.6) in combination with experimental data to investigate the above stated

hypothesis and the activation process of PaLipA facilitated by PaLif.

g N j (in extracellular
(in cytoplasm) (in periplasm) w (in periplasm) medium)
via Near-native ) Native
Unfolded SecYEG PaLipA Palif:LipA via Xcp - PaLipA
PaLipA (inactive) complex active PaLipA ~ (active)

N ¢

o

Figure 1. Proposed hypothetical folding model for PaLipA. Unfolded PaLipA is translocated from the
cytoplasm to the periplasm via SecYEG transporter. It was observed that in the absence of PaLif, PaLipA folds
to a near-native state, inactive state. Upon addition of PaLif, this near-native, intermediate state of PaLipA forms
a stable complex with the foldase (PaLif:LipA). In the complex, PaLipA undergoes conformational changes to
fold into the active native state and exports out to the extracellular medium by the Xcp machinery of T2SS. This
hypothetical model is based on in vitro experiments and available crystal structures. However, a detailed molecular
mechanism of PaLipA activation via PaLif remains elusive. Figure adapted from ref. [20].

Furthermore, in order to understand the PaLipA activation mediated by PaLif in atomic detail,
it was essential to study the structural and functional dynamics of PaLif first. So far, no X-ray
structure is available for free PaLif, and very little is known about its mechanism of action in
general. PaLif belongs to a small class of steric chaperones. In the crystal structure of
BgLif:LipA complex, BgLif was found to form a unique “head-phone” like fold, with two mini-

domains (MD1 and MD2) connected by an extended helical domain (EHD).

Here, to understand the conformational dynamics of PaLif in the free state, an integrative
approach combining molecular dynamics (MD) simulations and Forster Resonance Energy

Transfer (FRET) experiments (section 2.6) was applied. This resulted in an ensemble of PaLif

17



Introduction

structures ranging from compact to extended conformations, which increases the resolution of
FRET data beyond shape information to atomistically detailed structures of minimalistic
structured PaLif [21]. Based on the results obtained from the above study, solution structures

of MD1 of PaLif were also solved and investigated for its role in PaLipA activation.

Overall, my work sheds light on the underlying mechanism of PaLipA folding from an inactive
to an active state, catalyzed by the steric chaperone PaLif. Furthermore, it provided insights
into the functional dynamics of structurally minimalistic PaLif. This work will enable us to
understand the mechanism of action of steric chaperones in more detail and provide relevant
insights to unravel further mechanistic understandings of this interesting system. This can be of

particular interest for biotech companies for a cost-effective overproduction of lipase.
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Background

2. BACKGROUND

2.1 The microorganism Pseudomonas aeruginosa

In the 19" century, Migula identified the Pseudomonas species for the first time as anaerobic,
gram-negative bacilli measuring 0.5 to 0.8 um (diameter) by 1.5 to 3.0 pm (length) [6]
(Figure 2). The Pseudomonas genus pool contains more than 140 species, of which more than
25 species are associated with humans [22]. Approximately 80% of Pseudomonas infections
are caused by P. aeruginosa and P. maltophilia [22]. The species name aeruginosa originated
from the Latin word “Verdigris”, which means copper rust, referring to its distinctive blue-

green color on solid media. This blue-green color is due to the water-soluble pigments

pyocyanin, and pyoverdine produced by P. aeruginosa [23].

Figure 2. Micrographic image of gram-negative bacterium P. aeruginosa. Scanning electron micrographic
image of P. aeruginosa bacilli adherent to the collagen surface (left), a high power scanning micrographic image
of same bacilli with polar pili along the bacterial long axis (right). Images are adapted from [27].

The genome of P. aeruginosa is vast, complex, and consists of a single circular chromosome.
The complete sequence of the first P. aeruginosa genome was reported in 2000 for strain PAO1
[24]. It has a relatively large genome of the size of 6.3 million base pairs with high G+ C
content (65-67%) and contains 5,570 predicted open reading frames [25]. This genome encodes

for a wide variety of enzymes, which are involved in various metabolic pathways and transport
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systems [26]. Specifically, the number of genes predicted to encode for outer membrane
proteins is disproportionally large (~ 150) as compared to inner membrane proteins. Also,
approx. 8.4% of the genome encodes regulatory genes, which allows the bacterium to adjust to

ubiquitous growth environment [24].

P. aeruginosa produces many virulence factors which not only affect plants and animals but
also cause severe infections in humans [28]. P. aeruginosa may grow for decades in the lungs
of an individual with cystic fibrosis. Cystic fibrosis transmembrane conductance regulator
inhibitory factor, produced by P. aeruginosa, indirectly stimulates neutrophils and promotes
the sustained infection in patients [29]. The major virulence factors of P. aeruginosa are the
type III secretion effector proteins exotoxin S, T, U, and Y. ExoS and T both are bifunctional
toxins [30]. They act by disrupting the host cell signaling pathway required to stimulate the
phagocytic NADPH oxidase [29]. There are many more well-characterized virulence factors

produced by P. aeruginosa; comprehensive information can be found in refs. [30-34].

P. aeruginosa is regarded as a promising microorganism in various biotechnological
applications, industries, and commercial sectors. It is an excellent source of enzymes acting as
catalysts in specific biochemical reactions [35]. High specificity and efficiency make them a
valuable catalyst in many biotechnological industries, including pharmaceutical, food,
cosmetics, detergents, paper, and pulp industries [35]. Furthermore, P. aeruginosa produces
less toxic and eco-friendly biosurfactants and polycyclic aromatic hydrocarbons (PAHs) [36].
Their emulsification activity against different hydrocarbons made them an essential agent in

bioremediation [37].

In conclusion, P. aeruginosa is not only a source of virulence factors but also has wide
applications in various industries, which made it one of the most studied gram-negative

bacteria.
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2.2 Protein export and secretion in gram-negative bacteria

2.2.1 Cell envelop of gram-negative bacteria

Gram-negative bacteria have evolved a sophisticated and complex cell envelop in order to
survive in an unpredictable and hostile environment (Figure 3) [38, 39]. The cell envelop has
different functions such as protecting the cell in a hostile environment, maintaining shape and
stability and allowing communication with the environment to allow selective passageways of

nutrients from the outside and waste products from the inside [39].
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Figure 3. Schematic representation of the cell envelop of gram-negative bacteria. Figure modified from Douzi
et al. (2004) [41].

Gram-negative bacteria, compared to gram-positive ones, have an additional outer membrane
(OM) located above a thin layer of peptidoglycan, in the outer leaflet (extracellular side). It is

an asymmetric lipid bilayer with selective permeability, made of lipopolysaccharides (LPS) and
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phospholipids [38]. A large number of integral pore proteins and porins allow the free passage
of small hydrophilic molecules and water across the membrane. Between the OM and inner
membrane (IM), a narrow aqueous concentrated gel-like matrix called periplasm is found

(Figure 3) [39].

IM mainly consists of phosphatidylethanolamine and phosphatidylglycerol and plays a major
role in the synthesis of phospholipids, peptidoglycan, and lipopolysaccharides, via polysomes

and membrane-bound proteins [40].

The periplasmic space is a multipurpose compartment which is more viscous than the cytoplasm
and densely packed with proteins [39, 42]. It allows numerous mechanisms of protein oxidation,
chemotaxis, chaperone-guided folding, regulation of cell division, efflux, and signaling [42,
43]. Despite all functions, the size of the periplasmic space has been highly debated in the past.
Recently, Collins and co-workers found that the crystal structure of Wza - Wzc, the capsular
transporter complex, is suspended into the periplasm from the inner leaflet of OM, which leads
them to conclude that the periplasmic thickness should be of ~145 A [44]. This value is also in
agreement with the estimation of ~150 A obtained from the structural model of the needle

complex for the type III secretion pathway, resolved via cryoelectron microscopy [45, 46].

Usually, the periplasm contains autolysin, which along with penicillin-binding proteins,
construct the peptidoglycan layer [47]. Peptidoglycan (murein sacculus) is made up of glycan
strands composed of N-acetyl glucosamine and N-acetyl muramic acid, cross-linked by
pentapeptides [48]. The OM is stitched to the peptidoglycan by a lipoprotein called murein
lipoprotein. This lipoprotein has a lipid moiety attached to its amino terminus, which embeds it

in the OM [49].

The inner leaflet of OM contains phospholipids, whereas the outer leaflet is composed of LPS

molecules [50]. The OM proteins are mainly of two types: lipoproteins and B-barrel proteins
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[39, 50]. The tight packing of acyl chains and LPS molecules as well as the porins activity make

the OM an effective barrier for hydrophobic molecules [39].

2.2.2 Protein export and secretion

Gram-negative bacteria produce many proteins that are supposed to be exported to the

periplasm or extracellular medium [51].

Protein export system

Approximately 20% of the proteins are synthesized outside the cytoplasm and need to be
translocated across the cytoplasmic membrane [52]. The main pathway for the translocation of
these proteins into the IM is the Sec pathway [53]. The Sec translocon is located in the
cytoplasmic membrane and has three subunit cores, namely SecY, SecE, and SecG, together
designated as SecYEG. In 2002, a three-dimensional reconstruction of the SecYEG was
obtained by cryoelectron microscopy (PDB code: 3DIN) (Figure 4A) [54]. The Sec translocon
translocates substrate across the membrane as well as also inserts them into the membrane
laterally. All substrates of Sec translocase contain a hydrophobic N-terminal signal sequence,

and the membrane proteins contain a membrane anchor signal for insertion [8].

A newly synthesized preprotein needs to be maintained in an unfolded state for export across
the IM. SecB is a cytosolic molecular chaperone that binds to preproteins and maintains them
in a translocation-competent state and prevents aggregation [55]. After forming the complex
with the preprotein, SecB binds to SecA and transfers the preprotein to SecA for further
translocation. SecA is an ATPase motor protein that provides the required energy for the
translocation of the hydrophilic region of protein across the membrane (Figure 4A) [8]. Some
preproteins are targeted to the translocon by signal recognition particle, and then they bind to
SecA for translocation [8]. Unfolded preproteins are translocated by Sec translocase across the
IM, whereas folded proteins are translocated by the twin-arginine translocase (Tat). Further

details about the Tat pathway can be found in refs. [8, 56, 57].
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Protein secretion system

In gram-negative bacteria, proteins can be secreted to the extracellular medium directly from
the cytoplasm, which is a one-step mechanism [6]. In this, proteins can be secreted via a tunnel
crossing the IM, periplasm, and OM. In other cases, proteins are first exported to the periplasm
via SecYEG or TatABCE and then to the extracellular medium, also called two-step mechanism
using transporter [51]. In order to cross two hydrophobic barriers, gram-negative bacteria have
up to six distinct secretion systems. Of these, type 1, 3, 4, and 6 secretion systems follow a one-
step secretion mechanism, which does not involve periplasmic intermediates, whereas type 2
and 5 use a two-step secretion system [51]. Comprehensive information about type 1, 3, 4, 5,

and 6 can be found in refs. [51, 58-63].

Type 2 secretion system

T2SS is also known as the general secretion pathway (GSP) in gram-negative bacteria [51].
T2SS secretes a large number of enzymes, toxins, and virulence factors like exotoxin, cellulase,
lipase, elastase, and alkaline phosphatase [64]. It is a two-step secretion pathway. Hence first
the substrate is secreted to the periplasmic space from the cytoplasm via the Sec or Tat
machinery, and in the second step, after the translocation in the periplasm, the
secretion-competent protein state is secreted to extracellular space by the so-called GSP
proteins or type 2 secretion machinery. The T2SS machinery is built up of 14 different GSP
proteins, from which 12 GSP proteins are associated with the IM [65]. The 14 proteins form a
sophisticated machinery with the ability to discriminate between the proteins that need to be

transported across the OM and that reside in the periplasm [13].

In P. aeruginosa, the secretion machinery used in T2SS is called Xcp (Figure 4B), whereas
another type 2 secretion system was also identified in P. aeruginosa, which is called Hxc-
system [10, 66]. The Xcp machinery consists of 12 GSP proteins Xcp A and Xcp P to Z, which

are organized into two operons [67]. The function of most Xcp proteins is still not entirely
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known, but some components are well understood, like Xcp T-X, which act as pseudopilins

[68]. These pseudopilus structures get inserted in the periplasm and act as a piston to push the

substrate through the OM [69].

Figure 4. Import-export transporters for lipase in the cell of a gram-negative bacterium. (A) Crystal structure
of SecYEG translocon in complex with SecA (PDB code: 3DIN) [70]. (B) Schematic model of P. aeruginosa Xcp
transporter. Figure adapted from Douzi et al. (2011) [41].

Xcp R provides the required energy, Xcp P is involved in the secretion of exoproteins through
the secretin channel [6, 71], and Xcp RSYZ with Xcp P form an IM subcomplex, which acts as
a platform for the organization of the other parts of the secreton [67]. Xcp Q is the OM protein
and contains a conserved C-terminal domain and four N-terminal domains, which interact with
the periplasmic domain of Xcp P to form the secretin channel [72]. Last but not least, the
peptidase Xcp A processes the signal peptide of the subunits of pseudopilin, and it also

methylates the amino-terminal residues of mature proteins [73].

Interestingly, T2SS is capable of secreting many different and unrelated substrates. It was
suggested that exoproteins interact with the periplasmic domain of Xcp Q and P as well as with
the pseudopilus tip [41], which stimulates Xcp R to provide energy for the pseudopilus function
to push the substrate through the secretin channel [74, 75]. The secretion motif is responsible

for distinguishing proteins that translocate across the OM and that resides in the periplasm. In
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general, the substrates tend to be folded, rich in B-strands, and have structural similarity with

the secretin domain [75].

Despite experimental evidences and several crystal structures solved for exoproteins secreted
by the Xcp machinery, the complete mechanism of T2SS is still unknown. Moreover, how the
transporter recognizes the conformational signal to secret the substrate across the OM has not
been resolved yet. As a GSP in gram-negative bacteria, it is capable of transporting a wide

range of toxins and folded proteins, making it interesting for research and further studies [72].

2.3 Bacterial lipases

Lipases secreted by gram-negative bacteria have evolved to efficiently catalyze the hydrolysis
of triacylglycerols to glycerol, diacylglycerols, monoacylglycerols, and free fatty acids
(Figure 5) [76, 77]. In addition to hydrolysis, they can reverse this reaction, which is known as
transesterification in non-aqueous media [78]. Since lipases remain enzymatically active in
organic solvents and catalyze reactions with high regio- and enantioselectivity [79], these
enzymes are very useful tools for organic chemists and valuable biocatalysts in many

biotechnological applications [1].

Earlier, two criteria have been used to classify a lipolytic enzyme as a “true lipase” [4]. First,
as the lipolytic reaction occurs at the lipid-water interface, the enzyme should be activated by
the presence of a lipid-water interface, which is known as interfacial activation. Second, the
protein should contain a “lid” domain, which covers the active site and moves away in order to
open the active site on contact with the interface so the substrate can bind [4]. Later, however,
lipases were defined more precisely as carboxylesterases as the above criteria were found to be
unsuitable for classification [80]. Lipases do not require any cofactor for their action as they
belong to the class of serine hydrolases [81]. Triacylglycerols, found in dietary fat and oils, are
a significant source of metabolic energy compared to carbohydrates and proteins [82], therefore

lipases are essential key players in catabolism throughout all living organisms.
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Figure 5. The hydrolysis reaction catalyzed by lipase enzyme. The hydrolysis reaction of triacylglycerol

molecule to glycerol and free fatty acid, catalyzed by the lipase enzymes. This figure is taken from ref, [83].

Initially, bacterial lipases have been classified into eight families based on their amino acid
sequence conservation and biological properties, and family I, which is further divided into six
subfamilies, belongs to “true” lipases [4]. This broad classification was updated in 2002, and
family I is divided into seven subfamilies [1]. The lipases secreted by P. aeruginosa belongs to
subfamily 1.1 with a molecular weight of approximately 30 kDa, and B. glumae belongs to
subfamily 1.2, which have a molecular weight of approximately 33 kDa [4]. Lipases from
subfamily 1.2 show about 60 % amino acid sequence identity with these of subfamily 1.1 [4].
Additionally, they all contain a disulfide bridge, they need a specific foldase for correct folding,
and they are secreted by T2SS (section 2.2.2) [84]. Bacterial lipases produced by Pseudomonas
and Burkholderia species are the most studied lipases because of their ability to function in
extreme conditions, their biotechnological potential and their relevance as crucial bacterial

virulence factors (section 2.1 and 2.3.1) [85].

2.3.1 Commercial and biotechnological relevance of lipases

One of the major application of lipases in biotechnology is in polymer synthesis as they show
high selectivity under mild reaction conditions. They catalyze the polymerization reactions for
structurally complex monomers with multifunctional reactive groups [86]. Lipases with
transesterification activity in organic solvents are considered the most critical biocatalysts in

the production of biodiesel [87]. Lipases can convert vegetable oil to methyl- or other short
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chain alcohol esters [1]. Lipases can catalyze enantioselective reactions for the synthesis of
pharmaceuticals: Pseudomonas AK lipase was used to synthesize the chiral intermediate
required for the synthesis of the antitumor agent epothilone A [88]. Lipases are extensively used
in the resolution of racemic acids and alcohols [1]. They are also used for the production of
herbicides, where only one of the enantiomers is active [1]. In cosmetics and flavors
development, the most prominent example is the lipase-assisted synthesis of flavor and

fragrance compounds such as (-)-menthol [89].

The first and vital use of lipases is in the detergent industry due to their unique property of
catalysis at the water-lipid interface [1]. B. glumae lipase was patented for their detergent use
by Unilever as it is very stable at different temperatures and shows catalysis under harsh
washing conditions [90-92]. For the same properties, lipases are also used for the removal of
fat-containing wastes in the paper industry, textile industry, and dye industry. The
emulsification property of lipase brought them in the food industry, dairy industry, and baking
industry [92]. They are used to produce low-calories fat, to emulsify oils, e.g., in the production
of cocoa butter [93], for accelerating cheese ripening and flavor development. Lipases also
substitute traditional emulsifiers used in baking, as the enzymes degrade polar wheat lipids to
produce emulsifier in situ [94]. The high production costs are the most significant limitation of

the industrial use of these enzymes nowadays.

2.4 Structure of P. aeruginosa lipase A

The first structure of bacterial lipase A was solved for B. glumae in 1993 by multiple
isomorphous replacement techniques [95]. Later, Chromobacterium viscosum lipase A
(CvLipA.) (PDB code: 1CVL) [15] and B. glumae lipase A (BgLipA.) (PDB code: 1QGE) [96]
were crystallized in the closed conformation (Figure 6A). Structures of Burkholderia cepacia
lipase A in complex with ligand Rc-(R),Sp)-1,2-dioctylcarbamoylglycero-3-O-p-nitrophenyl
octylphosphonate (PDB code: 4LIP) [97] and without ligand (PDB code: 3LIP) were solved in
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the open conformation (Figure 6B) [98]. In 2000, the first X-ray structure of P. aeruginosa
lipase A in the open conformation (PaLipA,) in complex with octyl-phosphinic acid 1,2-bis-
octylcarbamoyloxy-ethyl ester (OCP) inhibitor (PDB code: 1EX9) was reported at 2.54 A

resolution (Figure 6C) [17].

Figure 6. Crystal structures of bacterial lipases in the closed and open conformation. The catalytic triad is
indicated in yellow (ball and stick representation), helix 5 (lid) is shown in orange, and residues 17-30 in red. (A)
BgLipA. (PDB code: 1QGE) [96], with helix a5 occluding the active site. (B) B. cepacia lipase A (PDB code:
3LIP) [98] crystallized in an open conformation without bound ligand, in an organic solvent. (C) PaLipA, (PDB
code: 1EX9) [17], crystallized with a bound inhibitor (OCP, shown in green sticks) in the open, active site. In both
(B) and (C), helix a5 moved away from the catalytic triad residues, in order to expose the binding site, and a partial
B-sheet structure is present in the region of residues 17-30 (red) to form the cleft of the binding site. (D) Crystal
structure of BgLipA (wheat) in complex with its specific foldase BgLif (blue) (PDB code: 2ES4) [19]. In the
complexed lipase A, helix a5 occludes the binding site although residues 17-30 show the partial B-sheet structure.

The structure of PaLipA, showed a very high structural similarity to the lipase structures of the
subfamily 1.2. As all lipases, it also exhibits a characteristic folding pattern of the core domain

and possesses two stretches of residues, respectively ranging from 1 to 108 and 164 to 285,
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which form the o/B-hydrolase fold. The active site cleft consists of four a-helices (04, a5, a6,
and a8) and a partial B-sheet structure (residue 17-30) [17, 80]. Helix a5 (residue 109-163) and
its neighboring loops form a ‘lid” which shields the active site in CvLipA: and BgLipA.. In
PaLipA,, the lid moves away from a closed to an open state in order to make the active site
cavity accessible to the substrate. In the crystal structure of PaLipA,, an additional small
antiparallel B-sheet (named as B-strand b1 and b2 in the crystal structure) is formed between 33
strand and helix al in the region of residues 17-30 which was absent in CvLipA. and BgLipA..
Later in 2006, the structure of BgLipA in complex with its specific foldase BgLif was
crystallized in a closed conformation (PDB code: 2ES4) in which the active site was found
occluded by helix a5 of the lid domain (Figure 6D) [19]. The core structure was found virtually
identical to BgLipA. (PDB code: 1QGE) with a root mean square deviation (RMSD) of 0.5 A
for Ca atoms [19], except for the partial B-sheet structure present in the region of residues 17-

30, which is also present in PaLipA..

All lipases belonging to the o/B-hydrolase superfamily have a catalytic triad formed by a
nucleophilic Ser, a His and a catalytic acid-base residue that is either an Asp or Glu [11]. In the
crystal structure of PaLipA,, the Oy atom of Ser82 is covalently bound to the OCP inhibitor
and 3.0 A away from the N&2 atom of the catalytic histidine H251. The carbonyl oxygen of
His251and amide nitrogen atoms are hydrogen bonded to His81 and the catalytic residue
Asp229. Asp 229 stabilizes the positively charged His251 during catalysis [17]. Located at a
distance of approx. 15 A from His251, a calcium (Ca) binding pocket comprises a Ca** ion
coordinated in an octahedral geometry with four protein oxygen atoms and two water
molecules. It is also known that all lipases possess a conserved oxyanion hole involved in
stabilizing the negative charge of the tetrahedral transition state intermediate formed during
catalysis [17]. In PaLipA.,, residues Met16 and His83 belong to both the oxyanion loop and the

active site of PaLipA [17]. In the crystal structure of PaLipA,, the main chain amide groups of
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Met16 and His 83 are in direct interaction with the phosphorous oxygen atom of OCP. Residues

Cys235 and Cys183 form a disulfide bond [17].

The lid conformation change observed in the 3D crystal structures of lipases in closed and open
conformation provides an elegant explanation of interfacial activation. Upon binding to the
interface, the lid, which covers the active site, moves away from a closed to an open state, and
exposes a large hydrophobic active site. However, later, it was found that lipases from
P. aeruginosa, B. glumae, and Candida antarctica do not show interfacial activation but still
have an amphiphilic lid [83]. This implies that the presence of a lid is not correlated with
interfacial activation [2] but also raises the question about the nature of the activation

mechanism of lipases that do not show interfacial activation.

2.4.1 PaLipA biogenesis

PaLipA biogenesis is a multi-step process ranging from gene expression to extracellular
secretion of folded PaLipA (Figure 7). PaLipA gene regulation is controlled by the quorum
sensing mechanism, which is a cell density-dependent regulation process [99, 100].
Extracellular signaling molecules called autoinducers are produced by many gram-negative
bacteria which bind to transcriptional regulatory proteins and can induce or cease to repress
specific target genes. The details for transcriptional regulation of the PaLipA gene can be found
in refs. [100-102]. It was found that the lipase gene LipA in Bacillus subtilis was encoded in an
operon with a second gene LipB, which was shown to be necessary for the lipase activity as it
assists the correct folding and later on was named Lif to constitute a unique class of

lipase-specific chaperones [83].
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Figure 7. Proposed secretion mechanism of PaLipA. (1) PaLipA is synthesized in the cytoplasm with an N-
terminal signal sequence that is recognized by the Sec translocon (SecYEG). (2) SecYEG transports unfolded
PaLipA into the periplasm. (3) In periplasm, PaLipA folds to its near-native inactive conformation. (4) The inner
membrane-bound PaLif binds to near-native inactive PaLipA with its catalytic foldase domain (blue). (5) Upon
binding with PaLif, PaLipA undergoes conformational changes to convert into its active conformation. (6) Active
PaLipA is transported to the extracellular medium via the Xcp machinery. This figure is based on a previously
published model of Xcp and lipase secretion in refs. [9, 41].

PaLipA is synthesized with an N-terminal signal sequence as a precursor which targets it to the
Sec translocon where SecB keeps the nascent chain in an unfolded conformation [6]. After
getting exported into the periplasm, the signal sequence is cleaved and enables PaLipA to fold
into the secretion-competent conformation. The periplasmic maturation of PaLipA is a
prerequisite for its secretion to OM. In order to acquire a correct folding prior to its secretion,
PaLipA needs a specific intermolecular folding catalyst, which is known as ‘lipase-specific
foldase’ PaLif [83]. In addition to PaLif, PaLipA also needs ‘accessory folding catalysts’ like
DsbA and DsbC, which catalyze the formation and isomerization of a disulfide bond [103, 104].

Other proteins are also required to enforce the correct isomeric state of the peptide bond. These
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proteins include, for example, the peptidyl-prolyl cis/trans isomerases (PPIases), which catalyze
the cis-isomerization of the peptide bond between GIn257 and Val258, which is a conserved
feature of lipases [105]. Although PaLipA variants with one or both Cys mutations were still
able to fold into their active conformation, they are more prone to proteolytic degradation in
the periplasm and show less efficient secretion [103, 104]. Once PaLipA is folded to the native
(or secretion-competent) conformation, it is transported by the Xcp-secreton across the OM.
The full mechanism involving the recognition and binding of the Xcp-secreton to the native

PaLipA before its secretion is however still unknown.

2.4.2 Protein folding landscape

Anfinsen stated that protein folding is based on the search of the global free energy minimum
conformation corresponding to the most stable 3D structure [106]. Many small proteins adopt
a native conformation spontaneously that has a lower free energy than their unfolded state
(Figure 8A) [107]. However, for some multidomain proteins, achieving their native and active
conformation is difficult due to a high energy barrier controlling the transition from the
unfolded to the native state (Figure 8B and 8C) [107]. In the case of specific bacterial proteins,
such as a-lytic protease (aLLP) and subtilisin, it was observed that their native conformation is
comparably stable to that of their respective unfolded conformation [108, 109]. In the native
protein conformational energy landscape, the folding free energy barrier for aLLP is higher than
26 kcal/mol, with a folding half-time ti» = 1700 years [109]. This example demonstrates the
existence of a high energy barrier which causes the folded native state to be trapped in a free
energy minimum, therefore limiting the kinetics of the unfolding process while also posing
folding problems [109]. The authors of this work also suggested that aLLP folds spontaneously
into an inactive partially folded intermediate state and requires a steric chaperone propeptide to

achieve its native state [13]. It has been reported that this steric chaperone plays a crucial role
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in the folding of protease by lowering the folding free energy barrier and imprinting the required

steric information to the protease [13, 107, 109].
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Figure 8. Protein folding landscape. (A) Small unfolded proteins (U) spontaneously fold into their native (N)
low free energy conformation reversibly, without any helper proteins on relevant biological timescales. (B) Some
multidomain or large proteins do not fold themselves into the native conformation due to the high free energy
barrier between unfolded and native state. Usually, the native state of these proteins has a similar free energy as
the unfolded state. (C) Generally, these proteins fold spontaneously to an intermediate state (I) having lower free
energy compared to the unfolded state. In order to fold into the native state, this intermediate state needs a helper
protein like a steric chaperone (SC), which lowers the free energy barrier (black-dotted line), thereby increasing
the folding rate, as well as providing the required steric information to the protein, which increases the folding
efficiency. After removal of the steric chaperone, the fully folded protein remains trapped by a high unfolding free
energy barrier (black). Moreover, sometimes, steric chaperone increases the folding efficiency by lowering the
free energy barrier and traps the target protein into a high energy folded state (red-dotted line). Figure adapted

from ref. [107].
El Khattabi and his co-workers showed that the native state of BgLipA is highly stable, as very

harsh conditions were required for its denaturation [110]. They also showed that in the absence
of BgLif, denatured BgLipA folds to an inactive, near-native intermediate state, while upon
addition of BgLif, immediate activation of intermediate BgLipA was observed [85]. These
observations suggested that a large energy barrier also exists along the PalipA folding

pathway, which prevents the unfolding of the kinetically stable native PaLipA. Therefore, it
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suggests that PaLif behaves as a steric chaperone, which lowers the folding barrier by
embossing the required steric conformational changes on PaLipA [20]. Based on structural
similarities with the secreted aLP-propeptide system, it was assumed that PaLipA also follows
the similar folding pathway. Nevertheless, near-UV circular dichroism (CD) and Trp-
fluoresecence spectra showed that native BgLipA significantly differs from that of intermediate
BgLipA. Investigating and understanding the complete folding and secretion mechanism of
lipases is a huge challenge as it demands the in-depth characterization of the intermediates and
transition folding states, but also requires to determine the kinetics of their formation in the
folding process, as well as the nature of their respective interactions with Lif and the Xcp
machinery. In publication III, we have provide insights into PaLipA folding from the binding

intermediate to the native state in the presence and absence of PaLif.

2.5 Pal if and its importance in PaLipA biogenesis

Other than a general folding catalyst, the periplasmic folding of PaLipA critically depends on
the lipase-specific foldase, PaLif. Usually, foldases are encoded in the same operon together
with their cognate lipases (section 2.4) [100], and aside from their genome sequences, not much
experimental data is available about their function. Lifs are classified into four families (I-IV).
Lifs from P. aeruginosa, Pseudomonas mendocina, Pseudomonas wisconsinensis, and
Pseudomonas alcaligenes belong to family I, Lifs from B. cepacia, B. glumae,
Pseudomonas fragi, Xylella fastidiosa, and Ralstonia metallidurans represent family II, family
III Lifs are from Acinetobacter calcoaceticus, and family IV contains Lifs from Pseudomonas

sp. strain KFCC10818, Vibrio cholerae and Vibrio vulnificus [9].

Regardless of their low sequence similarity, all Lifs share a very similar secondary structure
composed of 70 % a-helical and 30 % random coil elements, which indicates that the catalytic
mechanism of Lifs is also conserved [9]. In 2006, the soluble form of BgLif in complex with

its cognate lipase was crystallized (PDB code: 2ES4) (Figure 9) [19]. All Lifs contain an N-
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terminal hydrophobic segment that anchors them into the bacterial IM. The remaining part of
the foldase is exposed to the periplasm. Upon truncation of the N-terminus, PaLif was still able
to catalyze the folding of its cognate lipase, indicating that the membrane anchor is not needed
for the folding activity of PaLif in vitro [111]. It was suggested that the membrane anchor of
Pal if is required to prevent its secretion in complex with PaLipA by the Xcp machinery [80].
In Palif, the membrane anchor is followed by a stretch of proline- and alanine-rich segment
known as variable domain. This region accounts for about 20 % of the entire PaLif sequence
and is structurally disordered. This region presumably acts as a spacer that establishes a certain
distance between the C-terminal domain and the IM, so that the C-terminal domain can
sufficiently protrude into the periplasmic space [9, 80, 112]. The variable domain is followed
by a large C-terminal domain known as catalytic folding domain. Many experiments suggest
that solely the C-terminal domain interacts with the lipase A and assists its folding [80]. The
crystal structure of BgLif:LipA revealed the previously unobserved fold of the BgLif catalytic
domain. It consists of 11 a-helices forming an open “head-phone” like structure, which engulfs
BgLipA. These 11 a-helices are organized into three domains: two globular mini-domains
(MD1 and MD2) connected by an extended helical domain (EHD). MD1 is composed of three
N-terminal helices (a1-a3) of the catalytic domain, and MD2 is composed of three C-terminal
helices (09-al1). They are located on opposite sides of BgLipA connected by the EHD which
contains four a-helices (04-a8). Importantly, all aromatic residues are located within these
mini-domains [19]. Out of 11 a-helices, six are in direct contact with BgLipA, thereby forming
a large interface (~ 5400 A? buried solvent accessible surface area (SASA) of the interface)
[19]. It was found that a stretch of eight amino acids, RxxFDY(F/C)L(S/T)A (where x
represents any amino acid), is highly conserved in all Lifs [9]. This conserved sequence motif
was assigned to the helix al of BgLif that directly interacts with BgLipA in the crystal structure

(Figure 9).
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Figure 9. Crystal structure of the catalytic folding domain of BgLif in complex with its cognate lipase. The
structure of the catalytic folding domain (blue) of BgLif forms a unique “head-phone like” fold to engulfits cognate
lipase BgLipA (yellow) (PDB code: 2ES4) [19]. The C-terminal catalytic folding domain of BgLif contains 11 a-
helices of which six are in direct contact with BgLipA. The conserved motif present on helix al is shown in red.

Mutation of amino acids Y99 and S102 located in the conserved foldase motif of PaLif resulted
in foldase variants that were unable to activate PaLipA [113]. Mutation Y99 is further studied
in publication II, to understand the possible role of this residue in PaLif-induced PaLipA
activation. Moreover, eight intermolecular interactions were identified at the BgLif:LipA
interface between evolutionarily conserved amino acids of the Lif family (E107, R214, Q253,
Q264, R288, R343, S346, and R349) and the lipase family. All of the eight amino acids
mentioned above are located on the catalytic domain of BgLif. Pauwels et al. reported that both
BgLif and BgLipA undergo structural changes upon binding, mainly in the EHD of BgLif [19].
They also proposed that R343 of BgLif interacts with E63 of BgLipA, thereby contributing to

the specificity of BgLif to bind its cognate lipase [19]. Several in vitro experiments have shown
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that PaLif forms a very stable complex with its cognate PaLipA with Kp = 5 nM [85, 111].
Usually, a lipase gene and its cognate foldase form an operon suggesting a 1:1 ratio for both
lipase and foldase expression, but in P. aeruginosa and B. glumae, foldase was produced in
significantly lower amounts than their cognate lipase [85]. Lifs have been known to specifically
activate only their cognate lipases as no lipase folding occurred when PaLif is coexpressed with
BgLipA [114]. However, a complete understanding of the physiological role of foldases is still

unknown.

2.5.1 Molecular chaperones

Proper folding and localization of proteins are of extraordinary importance within each cell
[115]. The deposition of misfolded proteins into amyloids can cause neurodegenerative diseases
such as Alzheimer’s disease, Parkinson’s disease, and Huntington’s disease [115], which
signifies the importance of proper protein folding. Protein aggregation is disastrous for cells as
it triggers self-induced cell death, also known as apoptosis. Many studies indicate that incorrect
folding is one of the main reasons for protein aggregation [116]. In order to prevent or reverse
the protein aggregation caused by misfolding, cells use molecular chaperones as protein folding

assistants.

Usually, a polypeptide tries to adopt a distinct three-dimensional (3D) structure under normal
physiological conditions. A multitude of interactions are involved in this folding process [117].
Nonetheless, the same molecular interactions can also result in misfolding of proteins.
Therefore, several helper proteins are present in the cell to prevent the formation of wrong
interactions, known as classical chaperones. Initially, they were identified as stress proteins or
heat shock proteins (HSPs) that are expressed upon a transient increase of temperature [118].
HSPs are categorized into two groups, namely ‘protein holding’ and ‘protein folding’ [119].
HSPs, which belong to the protein holding category, bind to the partially unfolded protein
during heat shock and prevent the exposure of hydrophobic surface. Chaperones which catalyze
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protein folding usually self-associate to form large folding chambers in which the substrate
protein can undergo the required conformational changes by forming intramolecular
interactions [120]. Therefore these classical chaperones increase the folding efficiency for their

target proteins but do not affect the folding rate constant [121].

However, some proteins fold to an intermediate, non-native state and fail to fold into their native
state on a biologically relevant timescale because of a huge free energy barrier between non-
native and native state (section 2.4.2) (Figure 8B). These proteins usually need the assistance
of highly specific steric chaperones that imprint the required conformational information onto
the trapped intermediate (non-native) state while lowering the folding energy barrier
(Figure 8C) [107]. Until now, very little information is available about these highly specific
steric chaperones. In addition to Lif, few other bacterial steric chaperones have been identified
over the last few years and studied in detail, such as propeptides (also called prodomains) which

are required for the folding of proteases and fimbrial chaperones required for the folding of

subunits of adhesive pili (Figure 10) [107].

Figure 10. Crystal structures of steric chaperones in complex with their target proteins. (A) Crystal structure
of aLP (pink) in complex with its propeptide (light blue) from Lysobacter enzymogenes (PDB code: 4PRO.pdb)
[122]. (B) Crystal structure of fimbrial chaperone (medium blue) from Escherichia coli interacting with the FimH
pilin domain (salmon) (PDB code: 1ZE3) [123]. (C) BgLif (dark blue) in complex with its cognate lipase (yellow)
(PDB code: 2ES4) [19].

Bacterial extracellular proteases and propeptides are synthesized together with the signal

peptide in the cytoplasm. Upon translocation through the IM, the signal peptide is cleaved off
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whereas the propeptide is retained with the protease. The propeptide prevents premature
activation of the protease, thereby promoting the correct folding [124]. Well-studied examples
of such bacterial proteases are aLP and subtilisin produced by B. subtilis (section 2.4.2). It has
been observed that in the absence of propeptide, subtilisin and aLP can fold into molten globule
intermediates that are unable to fold further into the enzymatically active conformation [125].
Addition of propeptide can catalyze the conversion of this molten globule intermediate into the
active native state. After activation, the propeptide is removed by autoproteolysis, in order to
liberate the active protease which is kinetically trapped in the folded native state due to high

unfolding energy barrier.

Adhesive pili in gram-negative bacteria require the periplasmic chaperone PapD for the
assembly of adhesive filaments on the bacterial surface. Subunits of adhesive pili have an
incomplete immunoglobin-like fold, which creates a deep hydrophobic groove on their surface
due to a missing last B-strand [126]. The periplasmic fimbrial chaperone binds to the non-native
subunits and provides the missing B-strand while catalyzing the folding of the subunit [126,
127]. In the absence of the chaperone, the non-native subunits aggregate and are degraded by
the DegP protease [128]. Unlike the propeptide, after folding to the native state, fimbrial
chaperones remain bound to the native subunits to direct them to the OM assembly platform
[127]. In contrast to other steric chaperones, the fimbrial chaperones do not fold their substrate

into their final, native fold but instead trap the subunit in a high energy folding intermediate.

Therefore, regardless of structural similarities, it appears implausible that these steric

chaperones have a common mechanism of action.
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2.6 Methods

2.6.1 Homology modeling

The generation of the 3D structure of a protein (target) based on the known experimental
structure of homologous proteins is referred to as homology modeling [129-131]. Usually,
proteins from the same family show high conservation of the structure compared to the
conservation of the sequence. Therefore, we can use homology modeling to create relatively
accurate protein models using template structures [129-132]. Usually, the first step in homology
modeling is to identify templates and aligning the sequence of the target to each template
according to the similarity of their residues known as “multiple sequence alignment”. A Correct
alignment is a crucial step as it gives an overview of the features of the protein family such as
conserved motifs, insertions, and deletions. An incorrect alignment leads to errors in the
predicted structure. After the correct sequence alignment, the model building part begins, in
which the backbone of the target protein is built in the same position of the template residues
by using the alignment. This is followed by building missing parts such as loops, adding side
chains, optimization of conformations of side chains and finally, energy minimization of the

built model.

As no crystal structure is available for closed PaLipA and free PaLif, homology models were
built for the same. All lipases from family I, which have been crystallized so far in the closed
conformation, exhibit a very similar fold (section 2.4), with sequence identities of > 41% and
sequence similarities of > 73%, which make it possible to model PaLipA in a closed
conformation. By contrast, for Lif, only a single crystal structure is available, which is from B.
glumae in complex with its cognate lipase. It has a sequence identity of 39% and 52% sequence
similarity to PaLif. However, all Lifs possess a conserved motif of eight amino acid in MDI1
(section 2.5) that can help in building the correct model. Furthermore, at the lipase:foldase
interface from B. glumae, eight intermolecular interactions were identified between amino
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acids, which are evolutionarily conserved in the foldase family and also in the lipase family that

guide the modeling of the complex.

2.6.2 All-atom MD simulations

One of the principal and state-of-the-art methods to study the dynamics of biological molecules
is the computational method of MD simulations. Studying protein dynamics in vivo is
challenging, expensive, and time-consuming, because of the complex dynamic structure of
proteins [133]. In MD simulations, the time-dependent behavior of a molecular system based
on Newton’s laws of motion is calculated [134]. MD simulations are now consistently used to
explore the dynamics and thermodynamics of the system of interest, as well as in the
determination of X-ray crystallography and NMR structures [135] (publication IT). MD
simulations generate information at the atomistic level, including atom positions and velocities
and helping to connect microscopic lengths and time scales with the macroscopic world of

experiments.

All-atom MD simulations have evolved among the different computational methods, being the
tool of choice to analyze the conformational dynamics and fluctuations of a molecule over time
[136-138]. As one of the main objectives here is to understand the conformational dynamics of
PaLif and PaLipA at the atomic level, we used all-atom MD simulations throughout this
research. Despite the utility of MD simulations, they are limited by two factors: the force field
used and the high computational costs. This often results in an inadequate sampling of
conformational space, especially in the case of intrinsically disordered proteins (IDPs) [139,
140]. The high computational cost has been partially tackled with the nowadays available
computational resources and technological developments (i.e., GPU-enabled MD code and
hardware development), making it possible to run long timescale simulations up to the
microsecond scale [141]. However, the time scale in which free PaLif undergoes reversible
changes between compact and extended states of the head-phone like structure
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(~ 100 microseconds) (publication I), is still beyond the timescale reached by all-atom MD
simulations. Keeping long timescale aside, we ran multiple independent all-atom MD
simulations of 1 us length, which provide the overall trend of conformational changes for the

free PaLif, PaLipA (open and closed) and PaLif:LipA complex [142, 143].

2.6.3 Maximum entropy refinement method

In order to combine experiments and simulations, the maximum entropy method (MEM) is the
plausible choice. As mentioned above (section 2.6.2), force fields have limited accuracy, and
therefore, MD simulations of macromolecules sometimes produce results that are not complete
and quantitatively in accordance with experiments. MEM is a method to obtain the most
probable distribution that best represents the state of knowledge, given a set of experimental
data [144, 145]. Among the infinite number of distributions that are compatible with the data,
one should select the distribution which maintains the largest degree of uncertainty about the
variables of interest [144]. Shannon’s entropy is the natural quantity for expressing uncertainty

in a given distribution,

S(p) = — Xip(x) Inp(xy) (eq. 1)

where p is the probability of some testable information i about a discrete quantity x [146]. In
order to find the best probability distribution which is compatible with the observed data, this
expression should be maximized under the constraint that p(x) sums to 1. This principle has
been extended to the maximum relative entropy (MRE) principle, eq. 2 [145, 147]. The
advantage of MRE principle is being invariant with respect to posterior distribution such that,
it plays an important role in multiscale problems. The entropy is here computed relative to a

given prior distribution p, (x;).

(xp)
S [plpo] = — XN p(x) ln% (eq. 2)
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By maximizing this expression under the experimental constraints, we find the posterior
distribution that is as close as possible to the original distribution p,, but now more compatible
with the experimental data. The problem of maximum entropy in the context of noisy data has
been addressed numerous times in other fields [148], but the approach given by Gull and Daniell
is potentially useful in MD simulations [149]. In the case of multiple constraints, they can be
replaced with a single constraint y? on the statistic over all data, only matching them up to their

experimental uncertainty (2 < 1), given by eq. 3

(D]qim_D]{?xP)

1
Xt =5 (eq. 3)

2
9j

Here, M is the number of data points, D" is the set of experimental measurement and g}’ is

the experimental error for the parameter ;. D]-Sim is the corresponding quantity calculated from

MD simulations. To quantify the change in the posterior distribution under the experimental

constraints and in maximum entropy, it can be associated with a free energy function [21, 150].

PaLif is minimalistically structured and an underdetermined system with respect to
conformational changes in free form. Therefore, to gain insights at the atomistic level as to the
conformational variability of free PalLif, we reweighted the MD simulations-generated
ensemble. I applied the MRE principle under experimental y? constraints in publication I.
Experimental constraints are obtained from fluorescence spectroscopy measurements

preformed in the lab of Prof. Dr. C. Seidel.

2.6.4 Forster resonance energy transfer

FRET can be used to measure the distance between two fluorophores, which provides structural
and dynamical insights into the conformational landscape of proteins with high spatial and
temporal resolution [151]. FRET is a mechanism of energy transfer from a donor fluorophore

to an acceptor fluorophore through non-radiative dipole-dipole coupling [152, 153]. The donor
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fluorophore, initially in its electronically excited state, emits energy while returning to the
ground state [153]. This emission spectrum corresponds to the excitation spectrum of an
acceptor fluorophore [153]. The rate of energy transfer from donor to acceptor is inversely
proportional to the sixth power of the distance between donor and acceptor fluorophore (eq. 4).

Therefore, FRET is a strongly distance dependent non-radiative energy transfer method. [154].

Ro®

kprer = (eq. 4)

6
Tp(o) Rpa

Where 70 is the donor lifetime, Rpa is the distance between donor and acceptor fluorophore
and Ro is the Forster radius where the transfer efficiency is 50% [153]. FRET can also be
quantified by FRET efficiency, which is the number of quanta transferred from donor to
acceptor divided by total number of quanta absorbed by donor. The distance Rpa can be
calculated from the donor lifetime and the FRET efficiency [152, 153, 155, 156]. The FRET
rate constant also depends on the orientation of the dyes and distance, and it is most sensitive
in a distance range of 20 A to 150 A [157]. This approach has frequently been used to determine
donor-acceptor distance distributions p(Rpa) within one structure or between multiple
structures to understand the dynamical behavior in solution [157-159]. FRET spectroscopy can
accurately track distances over timescales ranging from ns to seconds [160]. Therefore, FRET
was the method of choice to study the conformational dynamics of free PaLif in solution in
publication I. The distance distribution profile and yZconstraints obtained by FRET (section
2.6.3), were used for reweighting of the large structural ensemble of free Palif generated by
MD simulations in publication I. In order to have corresponding data from MD simulations
(as mentioned in section 2.6.3), the accessible volume (AV) of the dyes was calculated for all
the conformations generated from MD simulations. AV considers the dyes as hard sphere
models connected to the protein via a flexible linker and represents uniform population densities
of the spatial dye position [151, 155, 156]. These densities can be used to calculate FRET

observables, in this case, the distance distributions for a large ensemble of structures generated
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by MD simulations. This method is successfully applied in publication I to obtain
corresponding distance distributions for the ensemble of free PaLif conformations generated
from MD simulations. Further details about AV calculations of dyes can be found in refs. [151,

155, 156].

Depending on the complexity of the molecule or system, FRET experiments can be performed
for single molecules, sub-ensembles (selectively averaged single-molecule events), and
ensembles [157]. Single-molecule FRET has the advantage that it allows one to resolve
distributions of FRET observables and to obtain kinetic information at the same time [157, 161,
162]. Hence, multiple distinguishable static states and dynamics of the states can be obtained

[163].

2.6.5 Potential of mean force computation using umbrella sampling

The free energy difference is the driving force of any process under physiological conditions,
such as the folding of a protein [164]. Umbrella sampling (US), i.e. biased MD simulations, is
one of the efficient methods that provides a free energy profile of a process along a reaction
coordinate (&) (Figure 11) [165-167]; this is the method used in publication III. The reaction
coordinate may be composed of a single or multiple parameters such as distance, angle, or
RMSD [167, 168]. In US, an additional energy term or bias is applied to the system to ensure
efficient sampling along the reaction coordinate. During US, the pathway along the reaction
coordinate is divided into a series of windows with a defined reference point (£7¢) [167, 168].
The bias potential w; of the window i is often a simple harmonic bias of strength K (eq. 5) [167].
This ensures effective sampling in all regions, split into several windows, and overlapping

distributions.

wi(&) = K/2(§ — &) (eq. 5)
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The free energy profile can be obtained as a potential of mean force (PMF) [166, 168], which

defines the free energy F as a function of a reaction coordinate ¢ (eq. 6)

F(§) = —kgTIn[P()] +C (eq. 6)
where kg is the Boltzmann factor, T is the temperature, C is the constant and P(§) is the
probability of the system along the reaction coordinate [169, 170].

Reaction coordinate
>

| Restraining

DAPEPNDSDA PR DYDY e

Umbrella
sampling

PMF

S

Reaction coordinate ~

Figure 11. Schematic representation of umbrella sampling method for PMF computations. First, the
reference configurations (red dots) are generated along the reaction coordinate. Then these configurations are
restrained by harmonic potential during MD simulations which result in overlapping umbrella sampling
distributions. Finally, the free energy profile (PMF) can be obtained using WHAM.

Next, to estimate the unbiased, free energy profile for combined US along the reaction
coordinate, many methods have been proposed, but the most reliable approach is the Weighted
Histogram Analysis Method (WHAM) [171]. Details about WHAM can be found in ref. [172].
In brief, in WHAM, first the unbiased distribution for each window i is obtained according to

eq. 7

i i i€ i
P(f)}mblased — P(g)?lased exp (_ VZ;T)) <exp ( V;’{;i))> (eq. 7)

)ynbiased
i

Where ( ) indicates the average over the ensemble. Following, P(¢ are combined to

calculate the global distribution by a weighted average of the distribution of the individual

windows using eq. 8,
47



Background

P(s;)unbiased — Z\i/vindows P(E)ynbiawd P(f)i (eq. 8)
where p; are the weights, selected in order to minimize the statistical error of P¥"P4sed ynder
the condition ), p; (¢§) = 1, and calculated from eq. 9

i+ F;
Pi(§) = Nyexp (-210) (eq. 9)

where N; is the total number of steps sampled during window i and F; is the free energy constant

calculated by eq. 10
Fi i i
exp (- 15) = [P it exp (- 2L8) ag (eq. 10)
Eq. 8-10 have to be iterated self-consistently until convergence is reached.

2.6.6 Constraint Network Analysis

Biomolecules are generally composed by a hierarchy of stability reflecting their structural
modularity. Getting insights into this hierarchy allows for understanding the relationship
between biomolecular structure, (thermo) stability, and function. To this end, the Constraint
Network Analysis (CNA) approach has been first introduced by S. Radestock and H. Gohlke
[173, 174] and further developed into the efficient CNA software package [175]. CNA
functions as a front- and back-end to the graph-theory based FIRST (Floppy Inclusion and
Rigidity Substructure Topology) software [176]. Here, a biomolecule is represented as a
constraint network with bodies representing atoms connected by a set of bars representing
covalent and non-covalent interactions [ 177, 178]. Once the constraint network is built, the fast-
combinatorial pebble game algorithm [179] decomposes the network into its flexible and rigid
regions by counting the number and spatial distribution of internal degrees of freedom (floppy

modes).

CNA allows for simulating a bond dilutions process of biomolecules by gradually removing

non-covalent constraints from initial network representations [174, 177, 180, 181] (Figure 12).
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To this end, the strength of each polar interaction Eyp is determined from an empirical energy
function [182]. For a given network state ¢ = f(Ecut), hydrogen bonds (including salt bridges)
with an energy Eup > Ecut (0 ) are removed from the constraint network [183]. Accordingly,
stronger hydrogen bonds will break later during the bond dilution process than weaker ones.
Finally, rigidity analysis are performed on each constraint network state ¢ resulting in a bond
dilution trajectory. A bond dilution trajectory is then analyzed by CNA, which calculates
several global and local indices [176] Recently, an efficient ensemble-based perturbation
approach has been implemented in CNA that provides an excellent tool for studying the long-
range effect of altered structural stability due to amino acid substitution and ligand binding
[183]. In this approach, perturbations are introduced in silico by removing all constraints from
the network associated with the presence of a bound ligand or alanine substitution (Figure 12).
Because this perturbation is introduced at the network level it does not change the biomolecular

structure.

To quantify the change in structural stability upon perturbation neighbor stability maps are used
(Figure 12). Neighbor stability maps record the state during the bond dilution trajectory when
a rigid contact between pairs of neighboring residues cease to exists. Taken together, the local
stabilities of the residue-residue contacts display the hierarchy of biomolecular stability.
Recently, it has been shown that the sum over all rigid contacts represents a chemical potential
energy Ecna [184], due to non-covalent bonding. The difference in the chemical potential
energy, AEcNA = EcNA pertubed - ECNAground, Teflects the change in biomolecular stability upon
removal of the ligand or amino acid substitution. Because the introduced perturbations in the
ground network state are localized and small, a one-step free energy perturbation approach can
be used to compute the free energy of altered stability AGena (Figure 12) [183]. A per-residue

decomposition AG;cna schema allows measuring the extent of each residue 7 to the change in
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structural stability. This per-residue free energy has been successfully applied for studying

pathways for signal transmission in biomolecules [183, 185].

I used this ensemble-based perturbation approach in publication II and III to understand how
the mutation of certain residues of PaLif modulates the mechanical stability of PaLipA in the
complex. From these findings I intended to identify the underlying mechanism of PaLipA

activation mediated by PaLif.

|Molecular dynamics simulationl

Ground state

Residue

L J

Va

| Free energy perturbation |

}

Stability change
Cooperativity
Pathway

Figure 12. Schematic representation of the workflow of the perturbation approach. As input for the

perturbation approach, a structural ensemble extracted from MD trajectories of the ground state is used. The
perturbed ensemble is then obtained by removing all constraints associated with a bound ligand or amino acid
substitution. From differences between neighbor stability maps of the ground and perturbed state, a free energy of
altered stability is derived. This free energy value provides valuable insights into structural stability, allosteric
cooperativity, and signal transmission in biomolecules. This figure is taken from ref. [183]
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3. SCOPE OF THE THESIS

Lipases are widely used in many industries, such as the production of biopolymers and
biodiesel, dye, detergent, dairy, and pharmaceutical industry, agrochemicals, cosmetics,
flavors, and many more [1, 2, 83, 94] (Section 2.3.1). The use of lipases is quickly increasing
day by day for a variety of biotechnological applications, which demands the production of
lipases at a ton scale. To achieve such yields, the efficient overexpression of the corresponding
genes, folding, and secretion are required [1, 2, 5, 186]. Despite that lipase A from P.
aeruginosa, being the most well-studied “true” lipase, its heterologous production in well-
studied model organisms regularly fails due to its complex secretion mechanism [1].
Furthermore, the mechanism of its proper folding is unknown to date. The most important
protein in the mechanism of folding and secretion of PaLipA is the lipase-specific foldase PaLif
[1]. PaLif is a steric chaperone and is required to convert inactive near-native lipase A to active
lipase A (section 2.4.1). At present, minimal information is available about the structural
dynamics of PaLif in its free state, which can provide new perceptions on the binding and
activation process of PaLipA. Furthermore, the mechanism of the assisted folding of PaLipA
in the presence of PaLif is unknown. When PaLipA is properly folded, whether PaLif is also
involved in its secretion is also unknown. Here, the complete role of PaLif is not fully
understood. This knowledge could be utilized to improve the folding and secretion of PaLipA
and, thus, improve its yield to satisfy the high demand in various industries. This poses the

following questions:

e What is the structural and functional dynamics of PaLif in the absence of PaLipA?
e What is the role of the structurally stable domain MD1 of PaLif in the PaLipA activation?

e How does PaLif facilitate PaLipA folding from inactive to active precursor?

Those questions have been addressed in this thesis, which led to the following publications.
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4. PUBLICATION I - FUNCTIONAL DYNAMICS OF A

STRUCTURALLY MINIMALISTIC CHAPERONE

Jakub Kubiak”, Neha Verma®, Peter Dollinger, Holger Gohlke, Claus Seidel, Filip Kovacic,
Karl-Erich Jaeger

*both authors contributed equally to this work.
Original publication, see pages 100-161

4.1 Background

Steric chaperones directly catalyze the folding of the target protein by providing the essential
steric information in the adenosine triphosphate (ATP)-independent manner in contrast to
classical molecular chaperones (section 2.5) [107]. PaLif catalyzes the folding of PaLipA from
the near-native, inactive state to the open, active state (section 2.4) [80]. However, how PaLif
assists the PaLipA folding remains elusive, and a detailed description of the structural
preferences of PaLif is prerequisite for understanding its mode of action. The catalytic folding
domain of PaLif has a three domain organization (Figure 13A) (section 2.5).

In this publication, we investigated the conformational dynamics of PaLif in the lipase free
state by combining high precision FRET and MD simulations. Our results shed light on the
structural stability and functionality of the individual domains of PaLif, which provide valuable

insights into the general mode of action of these steric chaperones.
4.2 Results

For the following sections (section 4.2.1-4.2.4), the text and figures have been taken from
publication I. In this study, I performed MD simulations, analyzed the data and combined the
MD simulations with FRET experiments. The results of my work are summarized in the

sections 4.2.1, 4.2.3 and 4.2.4 of this publication.
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4.2.1 Structural dynamics of the individual domains of free PaLif

Based on previous CD spectroscopy experiments and secondary structure analyzes of the
BgLif:LipA complexes [80], it was postulated that binding of BgLipA leads to structural
changes predominantly in the EHD of BgLif, while the mini-domains, MD1, and MD?2
noticeably retain their structure [19, 80]. Therefore, here first, I determined the structural
stability of the isolated, free MD1 and MD2 and the spacer region (EHD) of PaLif using all-
atom MD simulations (Figure 13A and 13B). In the course of the MD simulations, MDI1
retained almost completely the a-helical secondary structure with average a-helical content
(AHC) ~72 + 1.0% (mean £ SEM) and ~84 + 3.0% for ff99SB and ff14SB force fields,
respectively. This finding agreed well with the secondary structure content of the NMR
structure of free MD1 solved in publication II. Both EHD and MD2 show a less persistent
a-helical secondary structure in the course of the simulations (Figure 13B), as reflected in the
AHC of these domains of 45.0 + 5% (76.4 + 1%) and 55.9 + 9% (70.4 + 7%) for ff99SB

(ff14SB) (Table 1).

Table 1. Averaged AHC of free isolated domains of PaLif.”

AHC? [%]
o-helix ff99SB ff14SB
H 1 73.9+2 84.0+3
H2 752+£2 842+3
H3 66.3+0 83.6+1
MD1 71.8+1 84.0+3
H4 755+3 929=+1
H5 50.3+0 66.1+2
H6 232+0 53.7+2
H7 50.0+2 85.2+1
H8 264+3 84.1+4
EHD 45.0+5 76.4 £ 1
HO9 66.3+4 77.7+2
H10 76.3+3 98.9+1
H11 251+1 348+1
MD2 55.9+9 704+ 7

# The AHC per-residue calculated over three independent MD simulations using two different force fields ff99SB and ff14SB,
respectively, are given as mean + SEM. The percentage of AHC is given for individual helices as well as for domains as mean
+ SEM.
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Figure 13. Secondary structure analysis of PaLif by MD simulations. (A) The tertiary structure of PaLif:LipA
complex homology model showing how MD1 (residues 66-146) (cyan), MD2 (residues 147-265) (light blue), and
EHD (residues 266-340) (blue) are defined. The a-helices of PaLif are labeled H1 to H11, forming the novel fold
around PaLipA (yellow). (B) a-helical content per-residue averaged over three independent MD simulations for
each of the three isolated domains MD1, EHD, and MD2. (C) The difference in the per-residue AHC of PaLif in
complex with PaLipA with respect to free PaLif computed over ten independent MD simulations. In (B) and (C),
error bars indicate SEM. *p < 0.05 calculated by two-sided t-test.

In EHD, helices H6 - H8 and in MD2, H9 and H11 showed pronounced and repeated changes
in the per-residue a-helix propensity, suggesting that in free PaLif, EHD and MD2 undergo
helix-coil transitions. Second, I also computed the difference in the AHC per-residue of full-
length PaLif (omitting residues 1-65) in complex with PaLipA with respect to free PaLif
(Figure 13C). A significant increase in AHC up to 54% was seen in MD2 (H9) when PaLif
binds to PaLipA, whereas in the EHD both increases and decreases of AHC are found. These
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results suggest that MD2, and to some extent EHD, undergo conformational changes, and MD2

in particular gains secondary structure upon binding to PaLipA.

Next, I studied the relative movements of these three domains. For this, I computed the dihedral
angle defined by four residues in MD1 (Q137), EHD (A215, E268), and MD2 (R296)
(Figure 14A), as a measure for a twisting motion of PaLif, and the radius of gyration (Rg), as

a measure of PaLif’s compactness.
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Figure 14. Structural dynamics of free PaLif. (A) Location of the residues (Q137, A215, E268, and R296)
forming the dihedral angle that was used as a reaction coordinate to describe the twisting motions of free PaLif
indicated by the black arrow. Domain coloring as in Figure 13A. The dihedral angle and Rg for bound PaLif are
indicated below the structure. (B) Pronounced twisting motion (defined in panel A) of free PaLif is notable from
a variation of dihedral angles as a function of simulation time (0 ns at the center, 1 ps at the rim). Each of ten
independent MD simulations is indicated by a different color. (C) Rg of free PaLif as a function of time for ten
independent MD simulations (different colors), of which the first 100 ns were discarded. On the top, the cumulative
histogram is plotted. In all MD simulations, compaction of the structure was observed to an Rg of ~21 A. (D)
Distribution of conformations of free PaLif generated by MD simulations mapped to the R / dihedral angle plane.
Clusters of highly abundant conformations (orange) among a vast number of low abundant conformations (gray)
indicate the complexity of the structural dynamics of free PaLif.

55



Publication |

Across the MD simulations, it was seen that PaLif adopts dihedral angles covering the entire
range from 0° to 360° (Figure 14B), indicating pronounced twisting motions. However, the
time traces showed, limited overlap of the sampled values among trajectories, which indicates
that the twisting motions of free PaLif are slower than the timescale covered by the MD
simulations. Additionally, Rg decreased to ~21 A from 31 A (Rg in bound conformation)
indicating compaction of the structure in free form (Figure 14C). The compaction occurs on a
time scale faster than a us. Free PaLif likely can populate multiple conformations ranging from

an extended to a compact state with different dihedral angles (Figure 14D).

4.2.2 Fluorescence analysis of PaLif

The work explained in this section was done by the co-authors of this publication Dr. Jakub

Kubiak and Dr. Peter Dollinger.

Fluorescently labeled PaLif variants are active to PaLipA

The effects of Cys mutations and covalently bound fluorescent dye on the function of PaLif
were tested for in vitro efficiency. The six labeled double Cys PaLif variants were generated
(named as P1-2, P1-3, P1-4, P2-3, P2-4 and P3-4) (Table 2) and tested for lipase activity assay.
Labeled double Cys variants of PaLif revealed a comparable activation efficiency constant for

all six Pal.if variants.

Table 2. Fluorescence averaged dye distances (Rpa)e [A].

(Roa)e [A]
Palif variant Residue 1-2 e
Homology model? PaL]f'LIE A PaLif®
complex
P1-2 Q137 A215 59 63+5 58+5
P1-3 Q137 E268 61 50+7 39+5
P14 Q137 R296 89 97 +7 60+ 4
P2-3 A215 E268 51 66+6 53+6
P2-4 A215 R296 66 66+6 48+ 5
P3-4 E268 R296 53 52+6 42 +7

*FRET averaged donor-acceptor distance simulated with FRET positioning and screening software (section 2.6.4)
[191] using homology model of PaLif in complex with PaLipA.

® FRET averaged donor-acceptor distance obtained with photon distribution analysis (PDA) [161, 192] of
single-molecule multi-parameter fluorescence detection measurements.
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Free PalLif undergoes conformational dynamics on the millisecond timescale

FRET experiments revealed that PaLif in solution is characterized by conformational dynamics
on the sub-millisecond timescale indicated by the “dynamic shift” from the static FRET line

observed in single-molecule multi-parameter fluorescence detection (smMFD) analysis [155].
Conformational heterogeneity of free PaLif in solution

To show that free PaLif in solution undergoes a dynamic exchange of states that occurs on a
sub-millisecond time scale and is on average more compact than PaLif:LipA complex, an
ensemble time-correlated single photon counting (eTCSPC) was done to obtain FRET-induced
donor decay histograms and model donor-acceptor distance distributions p(Rpa) that can
resolve conformational heterogeneity of highly dynamic molecules [157]. The analysis of all
Palif variants reveal broad p(Rpa) with mean inter-dye distance distributions (Rpa) (Table 2),
whereas in the presence of micromolar PaLipA, p(Rpa) shifts toward larger distance and is
significantly narrower. This suggests an open and more restricted PaLif conformation with

respect to structural flexibility, in complex with PaLipA.

Next, fluorescence correlation techniques revealed that free PaLif exhibits more complex
character, with anti-correlation of exchange between two states ranging from tens of
nanoseconds, typical for unstructured peptide chain or dye linker diffusion [187, 188], through
microseconds, characteristic for trapped states [189] and fast secondary structure elements
folding [190], to hundreds of microseconds, signalizing high energy barriers [162]. All PaLif
variants are similar except variant P3-4 (Table 2), which exhibits slower FRET dynamics with
increased amplitude of sub-millisecond time scale. In order to exclude a possibility of
experimental artifacts like fluorophore trapping at residue E268C, suggested by MD simulation
and fluorescence experiments, four alternative PaLif variants (P32*3-4 (E255C-R296C), P3%3%-

4 (E258C-R296C), P3%°°-4 (E259C-R296C) and P3%%°-4 (E260C-R296C)) were tested. All four
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alternative P3-4 variants show faster FRET dynamics, similar to dynamics of all other PaLif
variants, except P3-4, but similar donor-acceptor distance distribution to P3-4 variant

(Figure 15).

4.2.3 Structural ensemble of free PaLif

To gain insights at the atomistic level of the conformational variability of free Palif, I
combined the FRET data (section 4.2.2) with MD simulations. In order to evaluate the
agreement between the computed conformational ensemble and that measured by FRET, we
computed the distance distributions for the former (Figure 15). For the five distances P2-4,
P32%°-4, P32%%-4, P3%%-4 and P32%°-4, the agreement with FRET data is good (y*> = 57.9, 49.9,
16.7, 15.3, and 6.4, respectively), and for the three distances P1-2, P1-4, P3-4, a fair agreement
is found (y* = 598.3, 128.6, and 463.0, respectively). The largest difference is seen for distances
P1-3 and P2-3 (y? =2619.5 and 2670.7, respectively), which could be due to the high flexibility
of'the P3 region, as discussed in section 4.2.2. Still, the overall agreement of the conformational

ensemble generated by unbiased MD simulations with experimental data is already remarkable.

To augment the data from the MD simulations with the information captured by FRET on long
timescales, the simulated ensemble was reweighted using the MEM (section 2.6.3). The
reweighted ensemble obtained at a relative entropy threshold corresponding to a free energy
change of 3 kT (Figure 16A) is within the expected inaccuracy of MD force fields [193]. The
distance distributions computed from the representative ensemble agree with the experimental
data to within the estimated error (yZ.q = 1.8) (Figure 16A). As shown in Figure 16B, the
optimal weights of many clusters obtained at the relative entropy threshold change by multiple
orders of magnitude from their initial weights. Most (91 %) weights are down-weighted, while
9 % are up-weighted by at most a factor of 100. The representative ensemble contains about 35
distinct conformations of free PaLif that jointly contribute to the computed FRET distance

distributions (section 4.2.2). These 35 conformations together constitute about 90 % of the
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reweighted ensemble (Figure 16C). The largest cluster of the representative ensemble has a

relative population of 15%. The 35 structures jointly cover the whole range of Rg values

(section 4.2.1).
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Figure 15. Distance distribution profile obtained for free PaLif. The probability of the average donor-acceptor
distance (p(Rpa)) is depicted as a function of the average donor-acceptor distance (Rpa) for all ten chosen residue
pairs. Distance distributions obtained from FRET are shown in black with the error values as bars, distance
distributions obtained from unbiased MD simulations (545 clusters) are shown in cyan color, and from the best
refinement run in the red.
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Figure 16. Maximum entropy refinement of cluster weights for free PaLif. (A) The discrepancy y’ between
experimental and simulated data versus the relative entropy AS is depicted. The black-dotted line indicates the
relative entropy threshold corresponding to a free energy change of 3 AT below which the simulated data is
considered over-fitted. The blue, black, and red curves show three independent runs of refinement. (B) Change in
initial cluster weights after optimization. The optimized weights are shown at the entropy threshold; the color code
is as in panel A. (C) 35 most populated clusters after refinement. The discrepancy y? as a function of the cumulative
weight of the clusters is plotted for the best refinement run (red curve/dots in panels A/B). Clusters were rank-
ordered by their optimized weights.

In order to examine the conformations of PaLif in the free state, a representative ensemble was

further clustered using the Rg as a cluster criterion with a threshold value of 4 A.
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Cluster |

partially
compact

compact
state

Figure 17. Representative conformational ensemble of free PaLif. The top 35 most populated clusters obtained
after ensemble refinement by the MEM were first clustered with respect to the Rg with a cutoff of 4 A; the two
resulting clusters I and II (representative structures circled in red) were again clustered with respect to the Cq-
RMSD with a cutoff of 3 A. On the top, the structure of PaLif as found in the complex with PaLipA is shown,
with the Rg indicated below. The left branch depicts PaLif conformations of cluster I in the “compact states”, with
the thickness of the circles representing RMSD values of the sub-cluster relative to the representative structure;
the RMSD values are also displayed in red within the circles. The right branch depicts PaLif conformations of
cluster II in the “partially compact states”. In addition to the representative conformation color-coded as in
Figure 13A, further members of the sub-clusters are shown in gray. The thickness of the lines connecting the
circles shows the Co-RMSD between the sub-clusters; this value is also displayed beside the line.
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The clustering showed that the representative ensemble is dominated by two clusters. Cluster I
(27 structures) contains completely compact conformations of PaLif with an Rg of ~21 A,
whereas cluster II (8 structures) contains partially compact conformations of PaLif with an Rg
of ~25 A (Figure 17). We further analyzed the similarity of the structures within these two
clusters, by sub-clustering them with respect to Co-RMSD (threshold value of 3 A). As shown
in Figure 17, the structures were similar within the sub-clusters: For cluster I, eight sub-clusters
were found, the farthest one having a C,-RMSD of 5.4 A from the centroid structure of the
initial cluster; for cluster II, four sub-clusters were found, the farthest one having a C,-RMSD

of 5.5 A from the centroid structure of the initial cluster.

4.2.4 Compact conformations of free PaLif hold affinity to bind PaLipA

To further understand the nature of the compactness of free PaLif, and how such compact PaLif
still retains the capability to interact with PaLipA, we computed the probability density
distribution of the total number of hydrogen bonds (HBs) and salt bridges (SBs) formed by
Palif in the free state as well as in complex with PaLipA. For the latter, HBs and SBs were
determined from conformations of ten independent MD simulations of 1 pus length each. For
the former, the reweighted and representatives conformational ensembles of free PaLif were

used, as was free PaLif in the bound conformation.

The total number of HBs and SBs formed by free PaLif in the bound conformation increased
upon compaction of the free PaLif, which agrees well with the total number of HBs and SBs
formed by PaLif in the complex (Figure 18A, B). Hence, these findings indicate that free,
compact PaLif minimizes the number of unsatisfied polar interaction sites, resulting in similar
numbers of interactions as in the complex. Changes in the SASA of all interface residues as
well as hydrophobic residues are at variance with this (Figure 18C, D). While the distributions
of free, compact PaLif show maxima at lower values than that of free PaLif in the bound

conformation, the distributions only partially overlap with those computed for PaLif in

61



Publication |

complex. This demonstrates that free, compact PaLif reduces the amount of overall interface
SASA as well as hydrophobic SASA; yet, the remaining difference with respect to bound PaLif
indicates that the PaLif:LipA complex should be able to gain affinity from a further burial of,

particularly hydrophobic, SASA.
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Figure 18. Probability density distributions of the number of total HBs, SBs, and SASA of all interface
residues and hydrophobic residues for free PaLif and PaLif in complex with PaLipA. (A) Probability density
of the total number of HBs for the ensemble reweighted by MEM of free PaLif (red), the representative
conformational ensemble of 35 structures (yellow), and PaLif in complex with PaLipA (Black). The black-dotted
line shows the value of the free PaLif in the bound conformation. The distributions of the number of HBs formed
by conformations in the reweighted and representatives ensembles agree well with the distribution of HBs formed
by PaLif in complex with PaLipA. (B) Probability density of the total number of SBs; the color code is as in panel
A. Again, all three distributions agree well with each other. (C) Probability density distribution of the SASA of
interface residues; the color code is as in panel A. The distributions of SASA for all interface residues of the
respective ensembles partially overlap with the distribution of bound PaLif. (D) Probability density distribution
of the SASA of hydrophobic residues; the color code is as in panel A. The distributions of SASA of hydrophobic
residues of the respective ensembles partially overlap with the distribution of bound PaLif.

4.3 Conclusion and significance
In this study, the structural stability of the individual domains of free PaLif were analyzed in
free as well as in the bound conformation with PaLipA. The results revealed that separated

MDI retained almost completely the a-helical secondary structure, despite the presence or
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absence of PaLipA. The combination of MD simulations with the experimental characterization
by FRET observables revealed the complex dynamics of structurally minimalistic free PaLif

on the timescale of milliseconds.

The main results of this study are:

e We showed that the two domains, MD2 and EHD, undergo a helix-loop transition in
free PaLif and gain higher helicality upon binding to PaLipA. This finding indicates
that both domains go through conformational rearrangement upon PaLipA binding.

e The considerably stable secondary structure of MDI in both free and bound
conformations of PaLif led us to conclude that MD1 may provide a platform for the
stable binding of PaLipA in the complex.

e Dihedral angle, Rg, and FRET distances indicate that free PaLif attains multiple
conformations. However, an inclination towards the compaction of the structure was
observed in the free form compared to the “head-phone” like state in the complex with
PaLipA.

e Free PaLifundergoes conformational dynamics on a timescale of sub-milliseconds with
reversibly exploring compact and open conformations.

e Our simulation results after reweighting produced atomistic structures of free PaLif that
are consistent with measured FRET distance distributions.

e Despite the compact conformations, free PaLif retains the affinity to bind PaLipA via
partially exposed hydrophobic and interface residues. As not all hydrophobic and
interface residues get buried upon compaction, they provide the gain of affinity to form

complex with PaLipA.

Thus, this study provides important insights into the structural-functional dynamics of free
PalLif. Therefore, in the next chapter (publication II) we solved the solution NMR structure of

structurally stable MD1 and investigated its role in binding and PaLipA activation.
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5. PUBLICATION II - STRUCTURAL AND DYNAMICAL
INSIGHTS REVEALING HOW LIPASE BINDING DOMAIN
MD1 OF PSEUDOMONAS AERUGINOSA FOLDASE AFFECTS

LIPASE ACTIVATION

Aldino Viegas®*, Peter Dollinger”, Neha Verma®, Jakub Kubiak, Thibault Viennet, Claus A.M.

Seidel, Holger Gohlke, Manuel Etzkorn, Filip Kovacic, and Karl-Erich Jaeger
#* These authors contributed equally to this work.
Original publication, see pages 162-209

5.1 Background

We have shown in publication I that the MD1 of PaLif has a stable secondary structure in free
as well as in bound conformations, which led us to speculate about its role in the binding of
PaLipA. The sequence alignment of PaLif and BgLif revealed that among the five domains,
MD1 shares the highest sequence similarity (52%). The importance of MD1 for foldase activity
was further highlighted by the finding that MD1 comprises the foldase sequence motif
(section 2.4), which is evolutionarily conserved among all foldase families and upon mutation
inactivates the foldase [113].

In this publication, the role of MD1 in the activation of PaLipA has been investigated by
biochemical analysis, NMR spectroscopy, fluorescence spectroscopy, and MD simulations.
Particularly, the Y99A mutant was investigated. Y99 is an evolutionarily conserved amino acid
in helix al of MD1. Upon mutation to alanine, the ability of PaLif to activate PaLipA is lost
(section 2.4), which is further investigated with regards to the mechanism of PaLipA activation.
For the first time, the NMR solution structures of MD1 and variant MD1y994 have been solved

and deposited in the protein data bank (PDB). I performed MD simulations of the comparative
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model of the PaLif:LipA complex in connection with rigidity analyses which suggest a long-
range network of interactions in the tight complex spanning from Y99 of PaLif to the active
site of PaLipA, which might be essential for its activation. These findings provide important

details about the putative mechanism for PaLipA activation.
5.2 Results

For the following sections (section 5.2.1-5.2.4), the text and figures have been taken and
modified from publication II. The work explained in sections 5.2.1- 5.2.3 was done by the co-

authors of this publication and the work done by myself is presented in sections 5.2.3 - 5.2.4.

5.2.1 Isolated MD1, but not MD1y¢s decelerates PaLif-induced activation of
PaLipA

It was proposed that specific interactions of MD1 with BgLipA are important for its activation
in B. glumae [19, 80, 111]. Our in vitro experiments showed that the isolated MD1 could not
activate pre-active PaLipA either. However, the addition of MD1 to pre-active PaLipA in 12
to 20-fold molar excess during activation of PaLipA with PaLif significantly slowed down the
activation reaction. This result indicates that isolated MD1 can interfere with PaLif’s capability
to activate PaLipA. This effect was not observed with isolated MD1vygoa. Additionally, a
stronger binding affinity was observed for PaLif (Kp = 39 £ 13 nM) compared to PaLifyooa

(Kp = 102 % 35 nM).

5.2.2 PaLipA complexes with PaLif and variant PaLifyss exhibit similar unfolding
profiles

During thermal unfolding analyzed by the intrinsic protein fluorescence of respective solutions,
Palif and PaLifyga alone show typical unfolding curves with an unfolding temperature of
~50°C. The thermal unfolding curve of pre-active PaLipA does not show a sharp unfolding
transition typical for folded proteins but rather a broad transition with a maximum at 73°C.

Addition of MD1 or MD1yg9a to pre-active PaLipA did not considerably affect this unfolding
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curve, indicating that the domains do not change the fold of pre-active PaLipA and do not
strongly interact with PaLipA, which was also confirmed by fluorescence binding assay. In
contrast, the addition of PaLif or PaLifyooa to pre-active PaLipA yielded typical unfolding

curves with a maximum of the first derivatives at ~37°C.

Fluorescence measurements show that PaLif and PaLifyooa exhibit similar hydrodynamic
properties (rotational correlation time global pgiobat = 33 ns) as well high degrees of internal
flexibility of the protein in the absence of PaLipA (order parameter S = 0.3). In the case of
PaLif:LipA complex, internal flexibility of PaLif is decreased (S* = 0.38), indicating that PaLif
is more rigid in bound form. However, for PaLifyooa:LipA, internal flexibility remains high
(8% = 0.22). This finding indicates that for the mutant the MD1 domain does not (or weakly)

interact with PaLipA while the rest of PaLif still interacts normally.

5.2.3 Structural insights into MD1 of PaLif and variant PaLifyooa

To obtain the first structural insights into this system and to investigate the effects of the critical
Y99A mutation on the structure of the MD1 domain, we here solved the NMR solution structure
of the isolated MD1 domain (Figure 19A, PDB code: SOVM; BMRB code 34175) as well as

of MD1yg9a variant (Figure 19B, PDB code: 6GSF; BMRB code 34286).

Both MD1 and MD1yg9a resemble a three a-helical bundle preceded by 27 N-terminal residues
without clear secondary structure with an RMSDc, of 2.4 A, when comparing the MD1 and
MD1y99a structural ensembles. Only minor structural differences were observed within each
ensemble of 20 energetically most favorable structures for MD1 as well as for MD1yogoa, as
indicated by RMSDcq of 1.3 £ 0.3 A and 0.8 + 0.2 A, respectively. The obtained structures of
the isolated MD1 variants are similar to the respective domain in the crystal structure of the
BgLif:LipA complex (Figure 19C) [19] showing that this domain adopts a stable fold, even

when isolated, and in the absence of a lipase.

66



Publication 11

Figure 19. Details of MD1 and variant MD1vea structures obtained by NMR spectroscopy. (A) Cartoon
representations of the structural ensemble of the 20 best solution structures of MD1 and (B) MD1yg9a variant. (C)
Comparison of the representative NMR solution structures of MD1 (cyan) and MD1yga (purple) with the crystal
structure of MD1 from B. glumae (green) (PDB code: 2ES4) [19].

5.2.4 PaL.ifye9s exerts a long-range effect on PaLipA which may destabilize the
structure of the substrate binding pocket

To understand the possible role of the mutation Y99A for PaLif-induced activation of PaLipA,
we initially compared the X-ray structure of PaLipA, in the active conformation (PDB code:
1EX9) with the X-ray structures of BgLipA. in the inactive conformation, one in the complex
with its specific foldase (PDB code: 2ES4) and the other in the unbound form (PDB code:
1QGE) (Figures. 20A-C). As discussed in section 2.4, in the open conformation of lipase A,
helix a5 is moved away from the active site, and a short two-stranded -sheet close to the active
site is formed by residues 21-22 and 25-26. Residues 17-30 shape the substrate binding pocket

[17], which indicates the relevance of this short two-stranded B-sheet structure in the region of
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residues 17-30 for PaLipA activation. Because this B-sheet is not formed in the unbound
conformation of BgLipA., where helix a5 is occluding the active site, we postulated this
structural element as a hallmark of the open and active lipase A. Notably, BgLipA in the
complex, has an overall structure identical to unbound BgLipA., but does have a two-stranded
B-sheet in the region of residues 17-30, yet helix a5 is in the closed conformation. The structural
comparison thus indicates that the foldase induces the formation of the two-stranded B-sheet
during activation of the lipase A. Hence, the foldase-bound lipase A can be considered an
intermediate conformation on its way to an open conformation, with residues 17-30 acting as a
“loaded spring” (section 2.4).

The influence of the Y99A mutation on the structural stability of PaLipA was investigated by
using an ensemble-based perturbation approach [194] integrated into the CNA approach
(section 2.6.6). CNA was applied on the conformational ensemble of the PaLif:LipA complex
generated from the above MD simulations. We followed that approach because PaLipA
strongly binds to both PaLif variants, suggesting that the respective complex structures are very
similar in both cases. The computed changes in the residue-wise free energy AG;cna
(section 2.6.6), a measure for structural stability [194], was largest for residues 1-45, 197-202,
242-250, and 268-286 in PaLipA (Figures 20E and 20F).

Notably, these affected residues form a narrow pathway that reaches the B-sheet-forming region
including residues 28-30 (Figures 20E, 20F), indicating that the mutation decreases the stability
of substrate binding pocket (Figure 20D). We speculate that this decrease in stability prevents
the partial B-sheet formation of substrate binding pocket and, thus, disfavors PaLipA activation
by PaLifygoa. Finally, the YO9A mutation also affects the stability of a number of residues in
Palif itself, especially the neighboring residues 66-80 and 89-115 in MD1 (Figure 20G), this
agrees with the minor changes seen in the NMR structures of MD1 and MD1yga variant

(section 5.2.3).
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Figure 20. Influence of mutation Y99A in PaLif on the structural stability of PaLipA. (A) Structure of PaLipA
with OCP inhibitor bound in the active site crystallized in the open conformation (PDB code: 1EX9) [17], in which
the helix a5 (salmon) is moved away from the active site (green). A short two-stranded B-sheet close to the active
site is formed by residues 17-30 (red). (B) BgLipA from the crystal structure of the BgLif:LipA complex (PDB
code: 2ES4) [19]. The lipase shows a two-stranded B-sheet (red), a characteristic feature of the open (active)
conformation, nevertheless helix a5 (salmon) adopts a closed (inactive) conformation. This suggests a foldase-
induced formation of a two-stranded f-sheet during activation of the lipase. (C) Crystal structure of B. glumae
lipase crystallized in the closed conformation (PDB code: 1QGE) [195] with helix a5 (salmon) covering the active
site (residues as in panel A). In this conformation, a two-stranded B-sheet close to the active site is not formed.
Residues 17-30 of B. glumae lipase, forming a two-stranded B-sheet, are indicated in red. (D) Crystal structure of
active PaLipA with inhibitor OCP bound in the active site. The region of residues 17-30 forms part of the active
site (red), required for the binding of the ligand. (E) CNA was applied on an ensemble of structures of the
PaLif:LipA complex generated from ten independent MD simulations. Residues with AG; cya above a threshold
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of 0.1 kcal mol™ are depicted as spheres on the PaLif:LipA complex structure. Blue colors reflect predicted AG; cya
values; the larger the value, the darker is the color. The black arrow indicates how the perturbation by Y99A
mutation of PaLif (pink, ball and stick representation) influences residues in PaLipA. Due to the decrease in the
stability of the surrounding region of residues 17-30 in PaLipA, we speculate that the conformational changes
required for the intermediate state of PaLipA on the way of activation is hampered upon PaLifyooa mutation. The
color code for helix a5, residues 17-30, and the active site is as in panel A. (F) The histogram shows the per-
residue AG; cya for PaLipA. The dashed line at 0.1 kcal mol indicates the threshold above which residues are
considered perturbed. The standard error of the mean is < 0.05 kcal mol™! for all residues. (G) Per-residue AG; cna
shown for PaLif, with the same threshold. The standard error of the mean is < 0.05 kcal mol™! for all residues.

5.3 Conclusion and significance

In this publication, we showed that the Y99A mutation in MD1 induces only minor changes in
the domain’s overall structure. However, activation of PaLipA induced by PalLif is inhibited
by addition of MD1, but not by the addition of its variant MD1yg9a. CNA suggested a network
of long-range interactions that span from Y99 of PaLif to the active site of PaLipA. This
network supports the formation of a key secondary structure element (a partial B-sheet) in
residues 17-30 of PaLipA on the pathway from the pre-active to the active state.

Further results of the study are:

e The PaLifyga variant, which carries a single amino acid mutation in the conserved
foldase motif, did not activate PaLipA, in contrast to PaLif.

e Previously, Shibata and co-workers reported that PaLifyeoc, Palifyoon, PaLifsioor, and
PaLifri15c variants (all carrying mutations in the foldase conserved motif) do not form
complexes with PaLipA [111] (section 2.5). By contrast, we showed that Palifyga
binds pre-active PaLipA.

e PgLifbinding to pre-active PaLipA was found to be slightly stronger than to PaLifygoa.

e The MDI solution structure provides the first experimental evidence that this domain
adopts a stable tertiary structure even in the absence of PaLipA.

Thus, our study for the first time provides insights at the atomistic level as to a potential
mechanism of PaLif-mediated pre-active-to-active PaLipA folding. This finding is further

investigated in publication III in order to validate this putative mechanism.
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6. PUBLICATION III - THE MEMBRANE-INTEGRATED
STERIC CHAPERONE LIF FACILITATES ACTIVE SITE

OPENING OF PSEUDOMONAS AERUGINOSA LIPASE

Neha Verma!, Peter Dollinger?, Filip Kovacic?, Karl-Erich Jaeger®*, and Holger Gohlke'+*
Original publication, see pages 210-242

6.1 Background

In the previous publication II, we showed that the network of long-range interactions formed
by Y99 of PaLif supports the formation of the partial B-sheet structure of residues 17-30 in the
binding site of PaLipA. As discussed in section 5.2.4 of publication II, this partial B-sheet
structure is a characteristic feature of the open, active lipase A, but absent in the closed, inactive
lipase A (Figure 20A). As this partial B-sheet structure was also present in the crystal structure
of the BgLif:LipA complex, where the lid is still in the closed conformation, we hypothesize
that the foldase-bound BgLipA is in an intermediate conformation where the partial B-sheet
formation has occurred but not yet the lid opening, comparable to a “loaded spring” ready to
change to the open conformation. In the crystal structure of PaLipA, (PDB code: 1EX9), the
partial B-sheet structure in the region of residues 17-30 forms a part of the binding site and

likely stabilizing the neighboring loops (Figure 20B-D).

To this point, the complete mechanism of PaLipA activation mediated by PaLif at the atomistic
level is still not known. Hence, in this publication, I evaluated the above stated hypothesis and
proposed the activation mechanism of PaLipA via PaLif by using unbiased and biased MD
simulations followed by configurational free energy computations, complemented by in vitro
biochemical experiments for validation. The biochemical experiments were performed by

Dr. Peter Dollinger.
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6.2 Results

For the following sections (section 6.2.1-6.2.4), the text and figures have been taken from
publication III. In this study, I performed biased and unbiased molecular simulations, CNA,

analyzed the data and explained my work in sections 6.2.1, 6.2.2 and 6.2.4.

6.2.1 Structural dynamics of the lid of free PaLipA and when bound to PaLif

Initially, we analyzed the tendency of PaLipA. free and in the complex PaLif:LipA to move
towards the open state, and of free open PaLipA, towards the closed state, by unbiased MD
simulations. Due to the absence of respective crystal structures, PaLipAc and PaLif:LipA were

built by homology modeling (Figures 21A and 21B).

First, we analyzed the MD simulations with respect to the average -sheet propensity of residues
17-30 of PaLipA because this secondary structure type is a characteristic feature of PaLipA,
(section 5.2.4 and 6.1). For the PaLif:LipA complex, the likelihood of B-sheet formation is
highest (96.5 £+ 0.8%, mean = SEM) (Figure 21D). In contrast, PaLipA. showed a significantly
lower B-sheet propensity of 41.1 = 12%. This result indicates that PaLif fosters the formation
of the B-sheet structure. As expected, PaLipA, exhibits a B-sheet propensity more similar to
that of the PaLif:LipA complex (83.5 + 3.5%), yet, the significantly smaller value suggests that

PalLipA, tends to move towards the closed conformation.

Next, we computed the distance between the centers of mass (Dcom) of helix a5 and a8 over
the MD simulations to measure the opening and closing of the active site. Starting from
PaLipA., pronounced fluctuations of Dcom were observed that encompass both partially open
lid conformations (Dcom = 16 A) and more closed ones (Dcom = 10 A) compared to the starting
state (Dcom = 13.3 A) (Figure 21E). A similar behavior was observed for B. cepacia lipase A

during MD simulations in water [196].
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Figure 21. Structural dynamics of PaLipA during unbiased MD simulations. (A) Structural model of PaLipA.
generated by homology modeling. Active site residues (catalytic triad residues S82, H251, and D229) are shown
as yellow dots, which are covered by the lid domain (helix a5) (orange). Helix a8 is highlighted in wheat. Dcowm is
represented by a black, dotted line. In PaLipA., Dcom = 13.3 A. Residues 17-30 are shown in red and do not exhibit
the partial -sheet structure, which is a characteristic feature of PaLipA,. (B) Homology model of the closed
PaLipA in complex with PaLif, PaLif is represented in cyan, otherwise the representation is as in (A). (C) Crystal
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structure of PaLipA, (PDB code: 1EX9), represented as in (A). Helix a5 moved away from the active site, and
Dcom = 20.6 A (black-dotted line). Residues 17-30 form a partial B-sheet structure (red). (D) Average per-residue
B-sheet propensities of residues 17-30 starting from PaLipA. (left), PaLif:LipA (middle), and PaLipA, (right).
Error bars indicate SEM and stars statistically significant differences of the averages calculated with the Student’s
t-test:“*” p-values < 0.05 and “**” p-values < 0.001. (E) Dcom over the simulation times of six MD trajectories
each for the three systems listed in (D). Additionally, the probability densities are shown. Red-dotted lines indicate
the Dcowm values of the open and closed PaLipA states.

Starting with the PaLif:LipA complex, the probability density of partially open conformations
(Dcom = 16 A) was ~2-fold higher than for PaLipA. (Figure 21E). This suggests that PaLipA
in complex with PaLif has a stronger tendency to move toward a partially open state than
PalipA., although this tendency is obvious in only three trajectories out of six. As when starting
from the closed conformation of PaLipA, further closing of the lid was also observed during
the MD simulations of the complex. Finally, starting from PaLipA,, the partially open state
becomes most populated (Dcom = 16 A), and even closed conformations (Dcom < 13.3 A) were
found (Figure 21E). Likewise, for B. cepacia lipase A, an open-to-closed transition of the lid

during MD simulations in water was found [197].

6.2.2 The open state of PaLipA is more favorable when bound to PaLif

To complement the unbiased MD simulations, we computed the PMF of the opening of the
active site in free PaLipA and in complex with PaLif, applying US and using Dcom
(Figure 21A) as a reaction coordinate. The PMF computations were performed for a plausible
transition path of helix a5 obtained from unbiased MD simulations of PaLipA.. For
comparison, the PMF values at the smallest Dcom sampled (11.6 A) were set to zero in both

cases (Figure 22A).

Although in both cases the configurational free energy increases with increasing Dcowm, the
PMFs differ in their global shape: The PMF of the PaLif:LipA complex increases more
moderately than that of PaLipA and shows broader local minima (Figure 22A). In more detail,
the global energy minima (state I) for both free PaLipA and the PaLif:LipA complex are found

for the closed state (Dcom = 12.4 A and 13.2 A, respectively, AG ~ 0 kcal mol™! with respect to

74



Publication III

Dcom=11.6 A). At Dcom = 14.8 A, both PMFs have a local minimum (state II) of similar height
(AG = 1 kcal mol™). The corresponding energy well of the PaLif:LipA complex is extended
until Dcom = 16 A. In contrast, the PMF for PaLipA rises steeply immediately following the
local minimum. Finally, flat PMF regions are found for both systems at Dcom =20.6 A

(state IIT), but the configurational free energies with respect to the global minimum differ

PaLif:'LipA: AG = 2.9 kcal mol!, PaLipA: AG = 4.6 kcal mol™).
p p

Furthermore, we computed the average B-sheet propensity of residues 17-30 of PaLipA with
and without PaLif over the reweighted configurations from umbrella sampling for states I-111,
respectively (Figure 22B). At the global minimum (state I), the B-sheet propensity averaged
over windows 1 and 2 is significantly lower for PaLipA (~21 £ 6%) than in state II, averaged
over windows 3 and 4, and state III, averaged over windows 9 and 10 (~ 60+ 4% and
~ 63 £ 3%, respectively). In contrast to PaLipA, in PaLif:LipA, state I (~ 94 + 0.8%) has a
similar B-sheet propensity as state II and state III (~ 75 = 2% and 84 £ 1%, respectively). The
difference between the average B-sheet propensities of states I of PaLipA and PaLif:LipA is
highly statistically significant (p < 0.001). Similarly, for states II and III, the respective average
B-sheet propensities of PaLif:LipA are significantly higher than those of PaLipA (p < 0.05 for

both states).

To conclude, the PMF computations reveal that the open state of PaLipA is disfavored
compared to the closed state but that in PaLif:LipA the open state is 1.7 kcal mol! more
favorable than in PaLipA. Furthermore, according to unbiased configurations from the umbrella
sampling simulations, binding to PaLif significantly favors the formation of the [-sheet in the
region of residues 17-30, and this effect is most pronounced in the state I (~73 fold increase in

the propensity).
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Figure 22. PMF computation of the active site opening in PaLipA and the PaLif:LipA complex and average
p-sheet propensities of residues 17-30 of PaLipA with and without PaLif for three states identified in the
PMFs. (A) Configurational free energies of active site opening of PaLipA as a function of Dcowm used as a reaction
coordinate for free PaLipA (black) and the PaLif:LipA complex (orange). The standard deviation for all data
points is < 0.002 kcal mol!' computed by bootstrap analysis. Roman numbers indicate the identified states.
Representative structures for states I-III are shown as cartoons for PaLipA (top) and PaLif:LipA complex
(bottom), respectively. The PMF values at Dcom = 11.6 A were set to zero, respectively. (B) Per-residue averaged
B-sheet propensity for residues 17-30 of PaLipA, calculated across the US windows corresponding to the states I-
[T as described in (A), using reweighted (unbiased) configurations for PaLipA (top) and the PaLif:LipA complex
(bottom). The table at the bottom displays results from comparing B-sheet propensities between PalLipA and
PaLif:LipA. Error bars indicate the SEM and statistically significant differences calculated with the Student’s ¢-
test were indicated by “*” p-values < 0.05 and “**” p-values < 0.001.
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6.2.3 PaLipA released from PaLif loses its lipolytic activity over time under in vitro
conditions

To validate the above computational finding, biochemical experiments were performed in
which a catalytically inactive PaLipA variant, in which amino acid S82 of the catalytic triad is
mutated to alanine, was used in addition to wild type PaLipA. Purified PaLipAss:a was
renatured and used for complex formation with PaLif at 1 uM concentration. According to the
results of thermal unfolding experiments carried out with differential scanning fluorimetry,
PalipAss2a forms a complex with PaLif that has stability similar to that of PaLipA with PaLif.
As expected, no catalytic activity is found for the PaLif:LipAsga complex, in contrast to the
PaLif:LipA complex. After dilution of the PaLif:LipAss2a complex to 1 nM, renatured PaLipA
was added in excess at a concentration of 100 nM, followed by three h incubation. The addition
of PaLipA to the PaLif:LipAss2a complex restored activity to ~90 % of that of PaLif:LipA,

indicating that PaLipA replaces PaLipAss2a and then becomes activated by PaLif.

Finally, a complementary experiment was performed in which 50 nM PaLif:LipA complex was
supplemented with 50 nM or 100 nM PaLipAss2a, and with buffer as control, followed by
determination of the catalytic activity over time. After 145 min, the activity level decreased by
about 15 % and 35 % in the presence of 50 nM and 100 nM PaLipAss2a, respectively, which
indicates the replacement of PaLipA by PaLipAss2a and the subsequent loss of catalytic activity
of free PaLipA in a PaLipAss2a concentration-dependent manner. Addition of 100 nM PaLif
after 150 minutes restored catalytic activity, demonstrating that replaced PaLipA can be re-

activated by PaLif.

6.2.4 PaLif binding affects the structural stability of key regions of PaLipA
involved in the opening of the active site

Our above shown results suggest that PaLif facilitates the opening of the active site in PaLipA

and stabilizes the partial B-sheet structure in the region of residues 17-30. To understand the
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underlying mechanism how PaLif binding influences the active site opening in PaLipA, we
analyzed changes in the structural rigidity of PaLipA upon mutating residues of PaLif that
interact with PaLipA using an ensemble- and rigidity-theory based perturbation approach [194]
integrated into the CNA approach [211]. Initially, we identified interactions between PaLif and
helix a5 as well as residues 17-30 of PaLipA based on the Ca-Ca distance matrix averaged
over the six unbiased MD simulations of the PaLif:LipA complex (Figure 23A). In total, 13
residues of PaLif were identified (195-203, 213, 217-220) that are in direct contact with the
region of residues 17-30 of PaLipA (Figure 23B). By contrast, no residues of PaLif were

identified that interact with helix a5.
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Figure 23. PaLif residues interacting with PaLipA. (A) Average Co-Ca distance matrix calculated for the
PaLif:LipA complex over six unbiased MD simulations of 1 ps length each. Residue pairs with a Ca-Ca distance
<10 A are colored in red (see color scale) and considered in direct contact. Regions of helix a5 and residues 17-
30 in PaLipA are indicated by black lines. The SEM is < 0.1 A in all cases. (B) Close-up of the Ca-Co distance
matrix for residues 17-30 in PaLipA. Color code as in panel A.

To probe a potential influence of PaLif binding on PaLipA stability, first, a conformational
ensemble of the PaLif:LipA complex was generated from the above shown MD simulations,

constituting the ground state. A perturbed state of the PaLif:LipA complex was then generated
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by removing the side chain of a PaLif residue except the Cp atom, mimicking a substitution to
alanine, but keeping the structures of PaLif and PalLipA unchanged otherwise. This
perturbation was carried out separately for each of the 13 above mentioned residues. The
changes are quantified as residue-wise free energy AG;cna (section 2.6.6), a measure for
structural stability [211]. Of the 13 residues tested, F195, R199, R203, D218, and R219 showed
the largest effect on the structural stability of PaLipA (Figure 24). Upon perturbation of residue
F195, the changes in AG; cna Were largest for PaLipA residues 15-45, which form the oxyanion
hole and the cleft of the active site, whereas residue R199 affects the stability of residues 15-45
and in addition residues 255-268, which constitute the loop stabilizing the catalytic triad residue
H251 (Figures 24A and 24B). Upon perturbation of residue R203, in addition to residues 15- 45,
residues 142-144, which constitute the neighboring loop at the C-terminus of helix a5 also
showed substantial changes in AG; cna (Figure 24C). By contrast, residues D218 and R219
specifically affected the stability of region 17-30 of PaLipA (Figures 24D and 24E). Notably,
all affected residues belong to the substrate binding site of PaLipA, which undergoes
conformational rearrangements during activation. This finding indicates that the residues of
Palif that directly interact with PaLipA lead to a long-range impact on the structural stability
of PaLipA regions (residues 142-144, 255-268 and 15-45) in the vicinity of PaLipA’s active

site.
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Figure 24. Potential influence of PaLif residues interacting with PaLipA on the structural stability of
PaLipA. A perturbation approach implemented in CNA was applied on the ensemble of structures of PaLif:LipA
generated by six unbiased MD simulations. (A) Left: Residues with AG; cya above the threshold of 0.1 kcal mol™!
are depicted as spheres on the PaLif:LipA complex structure. Blue colors reflect predicted AG; cya values, the
larger the value, the darker is the color. The perturbed residue F195 of PaLif (green, ball and stick representation)
influences the stability of residues 17-30 of PaLipA (red). Helix a5 (orange) is shown in closed conformation
occluding the binding site (yellow). Right: The histogram shows the per-residue AG; cya for PaLipA. The dashed
line indicates the threshold value of 0.1 kcal mol™' above which residues are considered affected in terms of their
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structural stability. Residues forming helix a5, the catalytic triad, and region 17-30 are highlighted in orange,
yellow, and red, respectively. Other residues with AG; ¢y, above the threshold are highlighted in blue. (B) As in
panel A for the perturbation of residue R199 of PaLif. (C) As in panel A for the perturbation of residue R203 of
PaLif. (D) As in panel A for the perturbation of residue D218 of PaLif. (E) As in panel A for the perturbation of
R219 of PaLif. The standard error of the mean is < 0.05 kcal mol™! for all residues in all cases.

6.3 Conclusion and significance

In this study, we have shown at the atomistic level that the steric chaperone PaLif catalyzes the
activation process of PaLipA by structurally stabilizing the intermediate PaLipA conformation,
particularly the B-sheet in the region of residues 17-30, such that the opening of the lid domain

is facilitated. This opening allows substrate access to PaLipA’s catalytic site.

The principal results of this study are:

e A partially open conformation was reached when starting MD simulations from either
the closed or the open state of PaLipA.

e The partially open state is more favored than the closed state of PaLipA when bound to
Palif.

e The open state of PaLipA is disfavored in terms of free energy compared to the closed
state. However, in the PaLif:LipA complex, the open state is relatively more favorable
than in free PaLipA.

e Palif significantly favors the formation of the B-sheet in the region of residues 17-30
in PaLipA.

e The closed-to-open transition of PaLipA is a reversible process, and Palif is required
for the conformational transition of PaLipA to the open state as well as to stabilize
PalipA in the open conformation under in vitro conditions.

e Specific PaLif residues that directly interact with PaLipA lead to a long-range impact
on the structural stability of certain regions (residues 142-144, 255-268 and 15-45) of
PaLipA in the vicinity of the active site. In particular, the partial B-sheet structure of

residues 17-30 is affected, which has been shown to foster the opening of the active site.
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Our results shed light on the molecular mechanism of a steric chaperone. They explain how
PaLif directly catalyzes the folding process of PaLipA by imprinting the essential steric
(structural) information onto the target protein. PaLif structurally stabilizes an intermediate
PaLipA conformation, particularly a B-sheet in the region of residues 17-30, such that the

opening of PaLipA’s lid domain is facilitated.
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7. SUMMARY AND PERSPECTIVES

This thesis aimed to understand the molecular mechanism of PaLipA activation mediated by
its specific foldase PaLif. In order to achieve that, I applied MD simulations, CNA and free
energy calculations in combination with experimental data to improve our understanding of the

energetics and dynamics of the activation process.

PalLif- a structurally minimalistic, highly flexible steric chaperone

Until now, Lif appears to be non-crystallizable in the absence of its cognate lipase. All attempts
of many structural biology groups remained unsuccessful. In this work, first, I computationally
investigated the structural dynamics of the individual domains of PaLif in the absence of
PaLipA to correlate the structural-functional dynamics (section 4; publication I). My findings
revealed that MD1 of PaLif is structurally stable in both free as well as bound form. By contrast,
MD2 and EHD both undergo helix-loop transitions in the free form and gain helicality upon
binding. Overall, PaLif adopted a more compact state but still highly flexible conformations in
the free form. Further, we reweighted our simulations with data from FRET experiments
performed in the lab of Prof. Dr. C. Seidel. In doing so, a representative simulation-based
structural ensemble of PaLif conformations was obtained, which increased the resolution of our
FRET data to the atomistic level. These conformations showed that MD2 and EHD drive the
compaction of this chaperone in free state. Finally, I computed the degree of burial of the
interface and hydrophobic SASA and number of polar interactions formed, for the
representative ensemble of free PaLif in comparison to PaLif:LipA complex. It was found that
compaction of the structure is majorly driven by the unsatisfied polar interaction in free PaLif.
The partially buried interface and hydrophobic SASA in compact conformations indicates that
PaLif holds the affinity to re-open in order to bind PaLipA despite the fickleness of the
structure. However, it remains elusive whether binding of PaLipA to PaLif is driven by an

‘induced fit’ mechanism or a consequence of ‘conformational selection’.
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MD1 of PalLif- a binding platform for PaLipA

As it was shown that MDI is essential for the activation of PaLipA [112], which was further
corroborated by its structural stability (section 4), we investigated its role in the activation of
PaLipA and the underlying mechanism (section 5; publication II). Particularly, the PaLifygoa
variant was investigated, first, in terms of binding affinity by in vitro experiments done in the
lab of Prof. Dr. K.-E. Jaeger and Prof. Dr. Claus Seidel. A stronger binding was observed in the
case of PaLif (Kp = 39 + 13 nM) as compared to the PaLifyga variant (Kp = 102 = 35 nM).
The changes in structural rigidity of PaLipA upon Y99A mutation were computed using the
CNA approach on the conformational ensemble generated from MD simulations for
PaLif:LipA. This allowed us to identify a long-range network of interactions bridging from
Y99 of PaLif to the cleft of the active site of PaLipA formed by residues 17-30. Moreover, it
indicates that a structural stabilization of this region might be essential for PaLipA activation.
Furthermore, solution NMR structures of MD1 and the MD1y99a variant have been solved in
the lab of Prof. Dr. Manuel Etzkorn, refined via ff14SB force field with NMR restraints and
deposited in the PDB (PDB code: SOVM; BMRB code: 34175 for MD1 and PDB code: 6GSF;

BMRB code. 34286 for MD1yg9a) (section 5; publication IT).

PalLif facilitates PaLipA activation by stabilizing the intermediate state

Until now, our minimalistic knowledge about bacterial steric chaperones was restricted to the
protease propeptides and fimbrial chaperones, which function intramolecularly [13]. Our
research has added one more example of a membrane-bound steric chaperone, which executes
its action by intermolecular interactions. Finally, to understand the underlying mechanism of
PalipA activation via PaLif, first, I used unbiased MD simulations, which allowed me to
correlate the structural changes and the functional dynamics of PaLipA alone and in complex
with PaLif (section 6.2.1; publication III). However, an understanding of the underlying

energetics is also required. Therefore, a PMF was derived for the closed-to-open transition of
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the lid in PaLipA and the PaLif:LipA complex with biased MD simulations. A quantitative
assessment of the active site opening in terms of free energies was obtained. My findings
showed that the overall open state of PaLipA is disfavored compared to the closed state. Yet,
in the PaLif:LipA complex, the open state is more favorable than in PaLipA alone (section
6.2.2). Furthermore, I also showed that the binding of PaLif significantly increases the
formation of the partial 3-sheet structure in the region of residues 17-30 of PaLipA (section
6.2.2). These findings, in combination with the in vitro experiments done in the lab of
Prof. Dr. K.-E. Jaeger, led us to conclude that the closed-to-open transition of PaLipA is a
reversible process. We further determined that PaLif is required for the conformational
transition of PaLipA to the open state and for stabilization of the open conformation until it is
secreted into the extracellular medium (section 6.2.3). Lastly, an in silico perturbation analysis
was performed on the directly interacting residues of PaLif and PaLipA using the CNA
approach (section 6.2.4). This analysis revealed that these residues lead to a long-range impact
of the structural stability in the vicinity of PaLipA’s active site. In particular, these interactions
stabilize the partial B-sheet structure formation of residues 17-30, which has been previously

shown to foster the opening of the active site.

Altogether, my work provides valuable insights into the molecular mechanism of action of a
steric chaperone. It provides a detailed explanation of how PaLif directly catalyzes the
activation process of PaLipA by imprinting the essential steric information, i.e., a partial -
sheet structure onto the target protein. In conclusion, Palif structurally stabilizes the
intermediate conformation of PalipA by stabilizing the structural changes required for the

opening of the active site, which fosters the activation of PaLipA.

PaLif:LipA- unravel kinetics and dynamics

One major question that has been raised and remains unanswered is how the Xcp-secreton is

involved in PaLipA secretion. In the future, insights into this process may provide valuable
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information to unveil the remaining hidden kinetics of this system. A detailed understanding of
the PaLif-mediated biogenesis of PaLipA is of great importance for comprehensive perception
of the complete molecular mechanism of the active PaLipA production. Therefore,
understanding the mode of action of these highly specific steric chaperones is of particular

interest to be able to manipulate the efficiency and specificity of lipase secretion.
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Abstract

LipA requires a cytoplasmic membrane-bound steric chaperone called lipase-specific foldase
(Lif) for the activation. Lif binds LipA inside the cell periplasm, acts as a conformational switch
during LipA activation followed by the release and secretion of LipA across the outer
membrane indicating notable dynamics upon the formation of the Lif:LipA complex. In the
Lif:LipA complex, Lif forms a flexible a-helical scaffold embracing LipA in a headphone like
structure. Here we show, that in the free form, Lif does not stay in the hollow ‘‘headphone””
conformation but rather exhibits large-scale conformational dynamics, in which the a-helical
structure undergoes reversible compactions and extensions on the microsecond to sub-
microsecond timescale. We also show that in the free conformation, Lif loses its secondary
structure. The details of the process are studied by fluorescence spectroscopic in combination
with all-atom molecular dynamics simulations. To study the atomistic details of the free Lif,
we combined the data from FRET and MD simulations and generated an ensemble of 35
structures by using the maximum entropy refinement method. The simulation-based ensemble
refinement allowed us to find limiting states of free Lif that range from partially compact to
completely compact states, based on the radius of gyration. The hydrophobic surface provides
the basis for the reopening of free Lif. This study provides structural insights into the action of

Lif as a highly specific steric chaperone.

Introduction

Proper folding and targeting within cells are needed for all organisms. Proteins are synthesized
as an unfolded chain of amino acids and adopt a unique stable fold after visiting a huge number
of possible conformations. Some proteins can fold reversibly to their active native state,
whereas other proteins need helper protein chaperones to achieve their proper active fold.

Classical chaperones, such as GroEL and Hsp90 or Hsp70, bind to unfolded or misfolded state
2
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of protein which is minimally structured and guide the folding process by preventing or
reversing incorrect interactions using ATP hydrolysis (figure 1A). [1, 2]

However, several bacterial extracellular lipases are synthesized as folded but inactive
precursors and achieve their enzymatically active conformation only upon interaction with
specific foldase proteins. [3, 4] These lipase foldase proteins (Lifs) are classified as steric
chaperones as they directly catalyze the conformational transition to the active state in an ATP-
independent manner instead of preventing the protein from incorrect folding (figure 1B). [3]
These steric chaperones bind to the folded intermediate state of the protein and lower the high
energy barrier of the state transition, hence increase the rate of activation. [2, 6] The activation
of'the lipase by its foldase is a reversible process, at least in i vitro conditions. [7] Therefore
the secretion of the lipase by type Il secretion system (Xcp complex) is an important step in this

process. [4, 8].

]
Complex = ,
: + formation "%
e Release
) Classical Unfolding Fotldedp
Unfolded P chaperone active
Minimally
structured
-
. A i N
Complex t
—_—
w * formation Release 'y-
Folded Steric Folded
Inactive P chaperone Activation active P
Minimally
structured

Figure 1. Molecular chaperones are key molecules in protein folding. (A) Classical chaperones bind to
minimally structured target proteins and assist the folding by preventing off-pathway interactions. Generally,
classical chaperones use ATP hydrolysis to reverse the folding process and do not provide any steric information
required for correct folding. (B) Pre-folded inactive proteins need to bind minimalistically structured steric
chaperones, and both undego required conformational changes. Hence, steric chaperones directly catalyzed the
folding pathway.

Lipase A (LipA) produced by the gram-negative, pathogenic bacterium Pseudomonas
aeruginosa is a virulence factor which not only affects plants and animals but also caused
serious infections in humans. It releases inflammatory mediators from mouse peritoneal

macrophages [9], provides nutrients by degrading lung surfactant lipids 7n vivo [10, 11], and
3
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indirectly affects the production of pyoverdine, an important virulence factor. [12] To achieve
its active native fold, LipA depends on an inner membrane integrated steric chaperone, the
lipase-specific foldase (Lif). [13] However, how Lif assists the LipA folding is still an open
question, and a comprehensive description of its structural preferences is a prerequisite for
understanding the lipase folding.

Despite low sequence identity among lipase foldases (only eight amino acids are highly
conserved among all known Lifs), a sequence-based structure prediction reveals that all Lifs
possess similar structural folds, consisting of 70 % a-helices and 30 % random coils. [4]

Lifs are believed to have a common domain organization: a folding domain (FOD) responsible
for interaction with the specific lipase in the periplasmic space of bacteria is connected by a
flexible alanine- and proline-rich linker to a highly conserved transmembrane helix, which
anchors them in the cytoplasmic membrane (figure 2A).[14, 15] In vitro experiments with
truncated Lifs showed that only the FOD is needed for lipase activation.[16, 17] However, in
vivo, the linker and transmembrane domain are needed to position Lif in the periplasmic space
and for interactions with secretion machinery to facilitate secretion of LipA.[16, 18]

Pauwels et al. [19] solved the crystal structure of Burkholderia glumae lipase foldase (BglLif)
folding domain (FOD) in complex with its cognate lipase (BgLipA). BegLif has 39% identity
and 52% similarity with Lif from P. aeruginosa. In the complexed state, FOD domain consists
of 11 a-helices connected with loops and embracing BglLipA in a headphone like structure with
two globular mini-domains (MD1 and MD2) at the N- and C-terminal ends. Each mini-domain
consists of three a-helices (MD1: H1-H3, MD2: H9-H11) connected by an extended a-helical
domain (EHD) (H4-HS8) (figure 2A).

Far- and near-UV CD spectroscopy indicated that BgLif undergoes large structural changes

upon interaction with BgLip A, which are accompanied by the formation of a-helical structures

101



Structural-functional dynamies of Lif

presumably in the EHD. [2] This all indicates the dynamical role of Lif in the activation of
lipase.

We investigate the conformational dynamics that lipase foldase from P. aeruginosa (Lif)
undergoes in the free state compared to LipA-bound state by combined high-precision Forster
resonance energy transfer (hpFRET) spectroscopy [20] and all-atom molecular dynamics (MD)
simulations. Our results showed that in the free state, Lif partially preserves elements of
secondary structure but lacks a stable tertiary structure. While MD1 remains relatively stable,
MD2 and EHD are minimally structured with Lif adopting several compact and extended
conformations that remain in dynamic equilibrium. Our results shed light on the fundamental

mechanism of action of lipase foldase and possibly the other related steric chaperones.

Results

Secondary structure content of isolated Lif domains, free and bound Lif

Based on previous CD spectroscopy experiments and secondary structure analyses of the
Bglif:LipA complexes [2], it was postulated that binding of LipA leads to structural changes
predominantly in the extended a-helical domain (EHD), while the mini-domains (MD1 and
MD2) noticeably retain their structure [2, 19]. Here we aimed to determine the secondary
structure content of the catalytic folding domain (FOD) in the absence of LipA via MD
simulations to better understand the dynamics of free Lif. We used all-atom molecular dynamics
(MD) simulations to study the structural stability of the isolated, free mini-domains (MD1 and
MD2) and the spacer region (EHD) of Lif in explicit water (see Materials and Methods for
details) (figure 2A). To account for a potential force field bias, the simulations were performed
with the ff99SB [21] and {f14SB [22] force fields. With either foree field, three independent
MD simulations of 1 us length were performed for each domain extracted from the structure of

Lif (figure 2A) obtained by homology modeling, using BgLif as a template.
5
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In the course of the MD simulations, MD1 retained almost completely the a-helical secondary
structure (Table 1). The average a-helical content (AHC) of MD1 was respectively ~72 + 1.0%
(mean + SEM) and ~84 + 3.0% for ff99SB and ff14SB,), which is in good agreement with the
secondary structure content of a recent NMR structure of free MD1 (PDB code: 50VM). Both
EHD and MD2 show a less persistent o-helical secondary structure in the course of the
simulations (figure 2B), as reflected in the AHC of these domains of 45.0 £ 5% (76.4 = 1%)
and 55.9 + 9% (70.4 + 7%) for fI99SB (ff14SB) (Table 1). Some parts of EHD (especially H6,
H7, and H8) and MD2 (especially H9 and H11) showed pronounced and repeated changes in
the per-residue a-helix propensity during the MD simulations irrespective of the used force
field (figure S12B), suggesting that in free Lif, EHD and MD2 undergo helix-coil transitions.
The maximum difference in AHC between both force fields is found for af (Table 1); there,
ff14S8B results in a ~3 fold higher AHC than ff99SB, which is equivalent to a change in free
energy of ~1 kT at the simulation temperature. Hence, it is still within the uncertainty of the
force fields. [21] We also computed the difference in the average a-helix propensity per-residue
of full-length Lif (omitting residues 1-65) in complex with LipA with respect to free Lif (figure
2C), comparing ten MD simulations of 1 ps length each for either state (all simulations were
performed with the ff99SB force field). A significant increase in a-helix propensity up to 54%
was seen in MD2 (H9) when Lif binds to LipA, whereas in the EHD both increases and
decreases of AHC are found. These results suggest that MD2, and to some extent EHD, undergo
conformational changes, and MD2 in particular gains secondary structure, upon binding to

LipA.
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Table 1 Averaged a-helix content (AHC) of free 1solated domains of Lif.*

AHC? [23]
a-helix f199SB 114SB
H1 730+2 84.0+3
2 75242 84243
3 66340 83.6+1
MD1 71841 84.0+3
H4 7553 920+1
Hs5 50340 66.1 42
s 23240 53742
7 50042 85241
Hs 26.4+3 84.1+4
EHD 450+5 T6.d+1
19 663+ 4 TTT+2
110 763+3 98941
11 25141 34841
MD2 55040 70447

2 The AHC per-residue calculated over three independent MD simulations is given as mean = SEM. The percentage
of AHC is given for individual helices as well as for domains as mean + SEM.

MD2
(266-340)

B
= H1 H2 H3 H4 H5 H6 H7 H8 H9
&, 10 T
= 80 ‘
% 60)
Z %
.ﬁ‘.’ - T 146 167 187 207 227 247 265 286
°© Residue number Residue number Residue number
c H1 H2 H3 H4 H5 Hé H7 H8 H9 H10 H11
08 Complex » *p<0.05
06} (Lif:LipA)
= ".
o4} ‘ &
8 A
x 02} ’r '[‘ L
B A
[[E"m ilu } b ik sl
: a Y i
2-0.2f
3
[}
X.04f
0.6
Free Lif
0sl " . L X L
66 116 166 216 266 316

Residue number

Figure 2. Secondary structure analysis of Lif by MD simulations. (A) Tertiary structure of Lif:LipA complex
homology model showing how mini-domain 1 (MD1, residues 66-146) (cyan), mini-domain 2 (MD2, residues
147-265) (light blue), and extended helical domain (EHD, residues 266-340)) (blue) are defined in this article. The

7
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o-helices of Lif are labeled H1 to H11, forming the novel fold around LipA (yellow). (B) o-Helical content per-
residue averaged over three independent MD simulations for each of the three isolated domains MD1, EHD, and
MD2, applying ff99SB. (C) The difference in the average per-residue AHC of Lif in complex with LipA with
respect to free Lif computed over ten independent MD simulations. In (B) and (C), error bars indicate SEM. *p <
0.05 calculated by two-sided t-test.

Dynamics of the super-tertiary structure of free Lif

MD simulations of the isolated domains of Lif indicated that mainly EHD and MD2 undergo
conformational rearrangements in terms of secondary structure as compared to MD1. Next, to
study the relative movements of these three domains, we evaluated the structural dynamics of
FOD of free Lif from the ten independent all-atom MD simulations of 1 us length each. The
dihedral angle defined by four residues in MD1 (Q137), EHD (A215, E268), and MD2 (R296)
(figure 3A), as a measure for a twisting motion of Lif, and the radius of gyration (Rg), as a
measure of Lif’s compactness, were computed. Across the ten MD simulations, Lif adopts
dihedral angles covering the entire range from 0° to 360° (figure 3B), which indicates
pronounced twisting motions. The time traces showed, however, only limited overlap of the
sampled values among trajectories, which indicates that the twisting motions of free Lif are
slower than the timescale covered by the MD simulations. In all MD simulations, a compaction
of the structure to an Rg of ~21 A was observed (figure 3C), starting from an Rg of 31 A
computed for free Lif in the bound conformation (figure 3A). Apparently, the compaction
occurs on a time scale faster than a ps. Free Lif likely can populate multiple conformations

ranging from an extended to a compact state with different dihedral angles (figure 3D).
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Figure 3. Structural dynamics of free Lif. (A) Location of the residues (Q137, A215, E268, and R296) forming
the dihedral angle that was used as a reaction coordinate to describe the twisting motions of free Lif indicated by
the black arrow. Domain coloring as in figure 2A. The dihedral angle and radius of gyration (Re) for bound Lif
are indicated below the structure. (B) Pronounced twisting motion (defined in panel A) of free Lif is notable from
variation of dihedral angles as a function of simulation time (0 ns at the center, 1 us at the rim). Each of ten
independent MD simulations is indicated by different color. (C) Rg of free Lif as a function of time for ten
independent MD simulations (different colors), of which the first 100 ns were discarded. On the right, the
cumulative histogram is plotted. In all MD simulations, compaction of the structure was observed to an Rg of ~21
A (D) Distribution of conformations of free Lif generated by MD simulations mapped to the R / dihedral angle
plane. Clusters of highly abundant conformations (orange) among a vast number of low abundant conformations
(gray) indicate the complexity of the structural dynamics of free Lif.

Activity and affinity of fluorescently labeled Lif variants to LipA

To quantify the effects of Cys mutations and covalently bound fluorescent dye on the function
of Lif we tested an in vitro efficiency of the six labeled double Cys Lif variants to convert
inactive LipA into the catalytically active form using the lipase activity assay. Labeled double
Cys variants of Lif revealed a comparable activation efficiency constant (Kac) for all six used

Lif variants (Figures 3A and S5). Furthermore, labeled Lif variants were tested for their ability
9
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to form an equilibrium complex with LipA based on the difference between average FRET
efficiency of free Lif in solution and complex (Figure S6). The obtained Kp values for six Lif
variants are more uniform than measured activation efficiency constants (figure 4B). It should
be noted that although Cys substitution mutations and labeling do not affect the affinity of Lif
to LipA, there is a detectable difference in the ability to activate LipA by different Lif variants

as reported by Kyt

A 100 - B 100

80 80
<
£ 60 60
=
£ 40 40
TR
0 0

P1-2P1-3P1-4 P2-3P2-4 P3-4 wt P1-2 P1-3 P1-4 P2-3 P2-4 P34
Lif variant Lif variant

K, [nM LipA]

Figure 4. Double Cys variants of Lif labeled with Alexa488/647 activate and bind to LipA. (A) The activation
constant (Kac), refereed as the effective concentration of LipA activated with labeled Lif variants, was determined
by titrating labeled Lif variants with pre-active LipA (Figure S5). The results are mean + SEM of three independent
experiments, with each set in triplicates. (B) Equilibrium dissociation constant Kp of the complex investigated
with FRET assay with labeled Lif variants. LipA binding 1s examined by monitoring the FRET signal from labeled
Lif (Figure S6). Uncertainty is given by a standard error of the mean from the joined fitting of two experiments.

Fluorescence analysis of Lif

Fluorescence spectroscopy as a method of sensing distance between two fluorophores provides
dynamic insight into the conformational landscape of proteins with high special and temporal
resolution. [24] In this work, we used a combination of fluorescence spectroscopy techniques
including single-molecule multiparameter fluorescence detection (MFD) in combination with
pulsed-interleaved excitation (PIE), in which molecules freely diffuse through the confocal
volume and donor and acceptor fluorophores are investigated by separate laser pulses. Burst-
wise analysis of individual molecules allows calculating multiple fluorescence observables
such as intensity-weighted average fluorescence lifetime (t)r, anisotropy or FRET efficiency,
allowing an investigation of heterogeneities and dynamics of fluorescence species on the sub-

millisecond timescale. [25, 26] This is supplemented by an analysis of ensemble FRET-induced
10
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donor decay histograms providing detailed insight into donor-acceptor distance distributions
p(Rpa) of highly dynamic proteins [27] and fluorescence correlation analysis, which expands
the accessible time scale of fluorescence dynamics from hundreds of nanoseconds to

millisecond. [28]

Lif in solution is characterized by conformational dynamics on sub-millisecond timescale
indicated by the “dynamic shift” from the static FRET line (Figure 4A, gray histogram). Static
FRET line is a parametric line that links fluorescence observables of a non-exchanging FRET
species. [20] Deviations of the histogram from the line towards longer {tp)r values, as in the
case of Lif, indicates fast exchange between FRET species within the observation time (ms).
Presence of LipA in micromolar concertation and presumably formation of Lif:LipA complex
shifts the observed FRET population of Lif towards smaller values of FRET efficiency and
towards the static FRET line (Figure 5A, red histogram). The analogous observation was made

in case of all FRET variants of Lif (Figure S7)

w054

Y

Relative freq. of TW w. re

Figure 5. Single-molecule MFD histograms of labeled Lif. (A) 2D-MFD analysis of Lif labeled with
Alexad88/647 show that free Lif (gray histograms) is on average more compact than Lif in the presence of
micromolar concentrations of LipA, indicated by a shift towards lower E values. Magenta line (linker-corrected
static FRET line) shows a relation between FRET observables: FRET efficiency E and burst-integrated intensity-

11
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weighted average donor fluorescence lifetime (tp)r for static proteins with a single conformation. The left-side
shift of the histogram denotes dynamic exchange of FRET species on the timescale faster than burst duration
(milliseconds), prominent in case of free Lif, which is contrasted by Lif: LipA. (B) PDA of single-molecule FRET
histograms for selected Lif variants shows fits of 1-millisecond FRET averaged donor-acceptor distance (Rpa)z.
The large shift of FRET-populations towards lower FRET (close to static FRET line) is visible for all variants in
the presence of a micromolar concentration of LipA, presumably because of Lif:LipA complex formation (Kp

approx. 20 nM).

PDA analysis accounts for the broadening of the histograms due to shot noise and distinct
acceptor brightness values. Here we used it to extract average FRET distances (Rpaje for Lif
and Lif:LipA complexes (Figure 4B). Average FRET distance (Rpa)e predicted for homology
model [20] disagrees with the measured value of (Rpaje of free Lif in solution in case of all
tested FRET variants (Table 2). FRET distances measured in Lif:LipA complex generally agree
more with homology model with the exception of variants P1-3 and P2-3. Particularly
noteworthy is Lif variant P3-4 with the fluorophores conjugated to the helix a9 present in
homology model. Measured FRET distance is shorter than predicted for intact helix a9, which
in turn suggests unfolding or substantial bending of the helix, corroborated by MD simulation

that showed helix-coil transitions for a9 (Figure 5B).

Table 2 Fluorescence averaged dye distances (Rpae [29].

{Roaye [29]

Lif variant Residue 1-2
Homology model®  LifLipA complex® Lif

P1-2 Q137 A215 59 63+5 5845

P1-3 Q137 E268 61 50+7 39+5

Pl-4 Q137 R296 89 97+7 60+ 4

P23 A215 E268 51 66+6 53+6

P2-4 A215 R296 66 66+6 48+5

P34 E268 R296 53 2+6 2+7
2 FRET averaged donor-acceptor distance simulated with FPS software [20] using homology model of Lif in
complex with LipA.

YFRET averaged donor-acceptor distance obtained with PDA analysis [30, 31] of smMFD measurements, see
figure S8.

We showed that free Lif in solution undergoes a dynamic exchange of states that occur on a
sub-millisecond time scale and is on average more compact than Lif:LipA complex. We used
ensemble time-correlated single photon-counting (eTCSPC) to obtain FRET-induced donor
decay histogram (Figure 6A) and model donor-acceptor distance distributions p(Rpa) that can
resolve conformational heterogeneity of highly dynamic molecules. [27] These distributions
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are a combination of fluorophores diffusion restricted by their linkers (typical width of such
distribution is approx. 6 — 8 A) [20] and underlying conformational flexibility of the protein. In
the absence of any prior information regarding the number of possible states, we modeled
p(Rpa) with continues generalized Gaussian distribution model with three moments of the
distribution as fitting parameters (mean, width, skewness). Example analysis of Lif variant P2-
4 shows broad p(Rpa) with mean inter-dye distance distributions (Rpa) = 44 A and width opa
=18 A (Figure 6B, gray histogram). In the presence of micromolar LipA, p(Rpa) shifts toward
larger distance and is significantly narrower with (Rpa) = 63 A and opa = 8 A (Figure 6B, red
histogram) suggesting more open but restricted Lif conformation in complex with LipA. This
is in line with MFD and PDA analysis, where Lif exhibits sub-millisecond conformational
dynamics and presence of LipA and formation of Lif:LipA complex leads to restriction of

dynamics and more extended conformations. Analogous results were observed for all studied

variants.
A, 3 B oos
F st IIEE o ettt I
3 T T T 3 T T T Lif LipA
B 3
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10° il 107 i il 0.00
10 20 30 40 10 20 30 40 0 25 50 75 100
time, t [ns] time, t [ns] R.. [Al

Figure 6. Example of an analysis of the time-resolved fluorescence intensity decay histogram from ensemble
TCSPC experiment of Lif variant P2-4. (A) Donor-only reference (blue) and donor in presence of acceptor (dark
cyan) decay histograms were modeled with 3-exponential decay for donor and generalized Gaussian distribution
for the donor in presence of acceptor (Lif) or Gaussian distribution for complex and fraction of free Lif (Lif LipA).
(B) Dye-distance distribution p(Rpa) shows broad distribution of free Lif (gray, (Rpa) = 44 A, opa =18 A)
suggesting broad range of conformations. Presence of LipA limits the conformations of Lif to a narrow range
(Lif LipA, red, (Rpa) =63 A, opa =8 A) suggesting restricted Lif conformation in complex with LipA.

Fluorescence correlation analysis of Lif dynamics studied by FRET

Fluorescence correlation techniques use temporal fluctuations in fluorophore brightness,

providing insight into the dynamics of FRET exchange, extending the accessible, dynamic
13
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timescales from sub-microseconds to milliseconds. Filter FCS allows to measure the kinetics
of exchange between FRET species, when the exchange between two states should result in
single anti-correlation time proportional to an inverse of the sum of kinetic rate constants. [28,
32] High- and low-FRET parts of MFD FRET diagrams were used to create filters for FRET
species (Figure 7A), and species cross-correlation was computed and fitted with a model
containing 3D-Gaussian diffusion and anti-correlation (figure 7B). The anti-correlation relates
to the dynamics between FRET species and is shown in figure 7C. Free Lif exhibits a complex
character, with anti-correlation ranging from tens of nanoseconds, typical for unstructured
peptide chain or dye linker diffusion [33, 34], through microseconds, characteristic for trapped
states [35] and fast secondary structure elements folding [36], to hundreds of microseconds,

signalizing high energy barriers. [37]

All Lif variants show similar multi-timescale FRET dynamics, extending from nanoseconds to
hundreds of microseconds, with the most of FRET dynamics captured by correlation
undergoing on the microsecond and faster timescales. Variant P3-4 exhibits increased the
amplitude of sub-millisecond time scale dynamics. We also tested four alternative Lif P3*-4
variants: P32%-4 (E255C-R296C), P3%%8-4 (E258C-R296C), P3%°-4 (E259C-R296C) and P32¢-
4 (E260C-R296C). FRET dynamics of P3*-4 is in line with other FRET variants (Figure 7C
and S10) with donor-acceptor distance distribution similar to P3-4 variant (Figure 8). We
attribute slower dynamics of P3-4 variant to the influence of helix-coil transition of helix 9. It
was observed that transition from loop to helix occurs on slower timescale. [38] This is not

sensed by P3*-4 FRET variants because of faster motion around the loops connecting helices.
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Figure 7. Fluorescence correlation analysis of FRET dynamics. (A) Single-molecule MFD histogram of Lif
P24 variant. Color boxes denote the selection of bursts for color-lifetime-polarization filters (HF- and LF-species).
(B) Example of species cross-correlations (LF—HF and HF—LF) created with HF- and LF-filters. Vertical lines
show fitted anti-correlation relaxation times f;. (€) Symmetric LFeHF FRET anti-correlation extracted from
species cross-correlation curves (equal terms amplitudes a; in LF—HF and HF—LF direction). Time-domains
assigned to molecular processes, according to Neuweiler ef al. [39].

Structural ensemble of free Lif

To gain insights at the atomistic level as to the conformational variability of free Lif, we
performed an additional 30 independent MD simulations of 250 ns length and pooled the
conformations with those of the previous simulations. In order to evaluate the agreement
between the computed conformational ensemble and that measured by FRET, we computed the
distance distributions for the former using the FPS toolkit (see Materials & Methods section)
(figure 8). For the five distances P2-4, P3%°.4, P32%8.4 P32%_4 and P3%%°-4, the agreement with
FRET data is good (y° = 57.9, 49.9, 16.7, 15.3, and 6.4, respectively), and for the three distances
P1-2, P1-4, P3-4, a fair agreement is found (y* = 598.3, 128.6, and 463.0, respectively). The
largest difference is seen for distances P1-3 and P2-3 (y* = 2619.5 and 2670.7, respectively),
which could be due to the high flexibility of the P3 region, as discussed in section 2.4. Still, the
overall agreement of the conformational ensemble generated by unbiased MD simulations with

experimental data is already remarkable.

To augment the data from the MD simulations with the information captured by FRET on long
timescales, we refined the simulated ensemble as described in ref. [40]. Briefly, the MD

simulations-generated conformations are clustered with respect to C atom root mean square
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deviations (Co-RMSD) with a threshold value of 4 A. Cluster weights wy, computed as the size
of'the cluster normalized to the whole ensemble, are assigned to the respective representative
cluster structures. The representative structures of the 545 most populated clusters are pooled
as an initial structural ensemble for the refinement, which corresponds to 82% of all structures.
The cluster weights are then varied randomly to decrease the discrepancy between simulated
and experimental data (xZ,¢q; < 1, eq. 10). To control data overfitting, the maximum entropy
method (MEM) is used [40, 41] (see Materials & Methods, eq. 11). Hence, to find the optimal
set of cluster weights, the free energy function G (eq. 12) is minimized numerically by using
simulated annealing employing the temperature-like control parameter 8. For large &, the
change in weights is small and vice versa; the best possible agreement with experimental data
can be obtained at & =0, which allows large changes in the weights. [40] To prevent overfitting,
the optimized cluster weights are finally obtained at a relative entropy threshold corresponding
to afree energy change of 3 £7"(eq. 11, 12) (figure 9A), which is within the expected inaccuracy
of MD force fields. [21] The distance distributions computed from the representative ensemble
agree with the experimental data to within the estimated error (x5, = 1.8) (Figure 9A). As
shown in figure 9B, the optimal weights of many clusters obtained at the relative entropy
threshold change by multiple orders of magnitude from their initial weights. Most (91 %)
weights are down-weighted, while only a 9 % are up-weighted by at most a factor of 100. The
representative ensemble contains about 35 distinct conformations of free Lif that jointly
contribute to the computed FRET distance distributions. These 35 conformations together
constitute about 90 % of the reweighted ensemble (figure 9C). The largest cluster of the
representative ensemble has a relative population of 15%. The 35 structures jointly cover the

whole range of R values (figure S11A).

To probe for robustness, we repeated the refinement two times using different seeds in each

case to generate random numbers during the simulated annealing; the averaged optimized
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weights £ SEM shown in figure S11B are calculated over the three refinements at the relative
entropy threshold. Finally, we also refined the ensemble using a convex optimization approach
(COPER). [42] In contrast to MEM, where we limited the ensemble size and weight change,
COPER can efficiently reweight all individual populations in a very large ensemble. However,
as COPER is not used as a primary method of reweighting in this work, we limit our ensemble
to the same 545 clusters. The COPER procedure was then applied to reweight the individual
conformations of this ensemble. In COPER method, an optimal solution can be reached more
efficiently from an interior point with respect to weights of individual conformations and to
find a feasible interior point for the maximum entropy search, an initial x2,,,;minimization was
carried out. xZ,.,; Was initially minimized to 0.98, starting with the initial weights = 1/N, where
N = 545 (see methods for details). The entropy $ at the initial point S(wi*®¥) = In (5435) = 6.3,
a significant reduction in entropy value related to a free energy change of -6.8 kT for the
minimal ¥Z.,. Thus, initial minimization of X%,.,; led to a very good agreement with the
experimental data but also the overfitting of the data. Therefore, the new weights at the minimal
X2,¢a; are taken as the starting point for the maximum entropy search with the same constraints.
The subsequent maximum entropy search then yielded data that agree less well with the
experimental data than the minimal y2,,,, prediction, vet the data is still within the error limits.
In turn, the entropy is increased to the threshold corresponding to a free energy change of 3 kT
with 2,5 = 1.72. As shown in figure S11C, the optimized weights obtained after MEM and
COPER correlate significantly (R? = 0.66; p < 107% according to a significance test for linear

regression).
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Figure 8. Distance distribution profile obtained for free Lif. The probability of the average donor-acceptor
distance (p(Rpa)) 15 depicted for all ten chosen residue pairs. Distance distributions obtained from ¢TCSPC
analysis are shown in black with the error values as bars, distance distributions obtained from unbiased MD
simulations (545 clusters) are shown in cyan color, and from the best refinement run in red. For comparison of
p(Rpa) model fits to time-resolved fluorescence intensity decay histograms see figure SO.

A B c
. 0Ty T v T T
600 | ) 800 J
N 2102} b ] o
= T 2104 2600
010 4
24001 c !
c " -
g L 2 400 |
[ N o
5200 | £10°5¢ . &
2 lhas B106f i & 200 5 ]
M43 Foe -
olL32 BT g P 0 P < ; B
-5 4 -3 -2 - 0 10-7 106 10-5 104 10-23 102 0.1 [q] g2 04 06 038
Relative entropy AS Initial weights Cumulative weight

Figure 9. Maximum entropy refinement of cluster weights for free Lif. (A) Maximum entropy refinement of
cluster weights. The discrepancy y* between experimental and simulated data (eq. 10) versus the relative entropy
AS (eq. 11) is depicted. The black dotted line indicates the relative entropy threshold corresponding to a free energy
change of 3 £T below which the simulated data is considered over-fitted. The blue, black, and red curves show
three independent runs of refinement. (B) Change in initial cluster weights after optimization. The optimized
weights are shown at the entropy threshold; the color code 1s as in panel A. (C) 35 most populated clusters after
refinement. The discrepancy ¥? as a function of the cumulative weight of the clusters is plotted for the best
refinement run (red curve/dots in panels A/B). Clusters were rank-ordered by their optimized weights.

We further clustered the representative ensemble using the R as a cluster criterion with a
threshold value of 4 A, in order to examine the conformations of Lif in the free state. The
clustering showed that the representative ensemble is dominated by two clusters. Cluster 1 (27
structures) contains completely compact conformations of Lif that compact to an R of ~21 A,
whereas cluster IT (8 structures) contains partially compact conformations of Lif with an Rg of

~25 A (figure S11A). We further analyzed the similarity of the structures within these two
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clusters, by sub-clustering them with respect to Ce-RMSD (threshold value of 3 A). As shown
in figure 10, the structures were similar within the sub-clusters: For cluster I, eight sub-clusters
were found, the farthest one having a Co-RMSD of 5.4 A from the centroid structure of the
initial cluster; for cluster I, four sub-clusters were found, the farthest one having a C,-RMSD

of 5.5 A from the centroid structure of the initial cluster.

Cluster| Cluster ll

partially
compact
state

compact
state

Figure 10. Representative conformational ensemble of free Lif. The top 35 most populated clusters obtained
after ensemble refinement by the MEM were first clustered with respect to the Rg with a cut-off of 4 A; the two
resulting clusters I and II (representative structures circled in red) were again clustered with respect to the Co-
RMSD with a cut-off of 3 A. On the top, the structure of Lif as found in the complex with LipA is shown, with the
Rg indicated below. The left branch depicts Lif conformations of cluster T in the “compact state”, with the thickness
of the circles representing RMSD values of the sub-cluster relative to the representative structure; the RMSD
values are also displayed in red within the circles. The right branch depicts Lif conformations of cluster IT in the
“partially compact state”. In addition to the representative conformation color-coded as in figure 24, further
members of the sub-clusters are shown in gray. The thickness of the lines connecting the circles shows the Ce-
RMSD between the sub-clusters; this value is also displayed beside the line. (B) Overlay of free Lif in the bound
conformation (cartoon representation), on the ensemble of 545 cluster representative structures (transparent
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ribbon). (C) Overlay of free Lif in the bound conformation (cartoon representation), on the ensemble of 35
representative structures found after refinement (transparent ribbon).

Intramolecular interactions in free Lif compared to intermolecular interactions in
the Lif:LipA complex

A visual inspection of the representative conformational ensemble of free Lif (figure 10), which
contains partially compact and compact conformations, reveals that interactions between the
MD1 and MD2 occur. To further understand the nature of the compactness of free Lif, and how
such compact Lif still retains the capability to interact with LipA, we computed the probability
density distribution of the total number of hydrogen bonds (HBs) and salt bridges (SBs) formed
by Lif in the free state as well as in complex with LipA. For the latter, HBs and SBs were
determined from conformations of ten independent MD simulations of 1 pus length each. For
the former, the reweighted and representatives conformational ensembles of free Lif were used,

as was free Lif in the bound conformation.

The total number of HBs and SBs formed by free Lif in the bound conformation decreased upon
compaction of the free Lif, which agrees well with the total number of HBs and SBs formed by
Lif in the complex (figure 11A, B). Hence, these findings indicate that free, compact Lif
minimizes the number of unsatisfied polar interaction sites, resulting in similar numbers of
interactions as in the complex. Changes in the solvent-accessible surface area (SASA) of all
interface residues as well as hydrophobic residues are at variance with this (figure 11C, D):
While the distributions of free, compact LipA show maxima at lower values than that of free
Lif in the bound conformation, the distributions only partially overlap with those computed for
Lif in complex with LipA. This result demonstrates that free, compact Lif reduces the amount
of overall interface SASA as well as hydrophobic SASA,; yet, the remaining difference with
respect to bound Lif indicates that the Lif:LipA complex should be able to gain affinity from a

further burial of, particularly hydrophobic, SASA.
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Figure 11. Probability density distributions of the number of total hydrogen bonds (HBs), salt bridges (SBs),
solvent-accessible surface area (SASA) of all interface residues and hydrophobic residues for free Lif and
Lif in complex with LipA. (A) Probability density of the total number of HBs for the ensemble reweighted by
MEM of free Lif (red), the representative conformational ensemble of 35 structures (yellow), and Lif in complex
with LipA (black). The black dotted line shows the value of the free Lif in the bound conformation. The
distributions of the number of HBs formed by conformations in the reweighted and representatives ensembles
agree well with the distribution of HBs formed by Lif in complex with LipA. (B) Probability density of the total
number of SBs; the color code is as in panel A. Again, all three distributions agree well with each other. (C)
Probability density distribution of the SASA of interface residues; the color code 1s as in panel A. The distributions
of SASA for all interface residues of the respective ensembles partial overlap with the distribution of bound Lif.
(D) Probability density distribution of the SASA of hydrophobic residues; the color code is as in panel A. The
distributions of SASA of hydrophobic residues of the respective ensembles partial overlap with the distribution of
bound Lif.

Discussion

In this study, we have shown by MD simulations and FRET experiments at the atomistic level
that the steric chaperone Lif in the absence of its cognate lipase (LipA) does not stay in the open
“headphone-like” conformation found for it when bound to LipA, but instead undergoes
reversible structural compactions and extensions on a timescale of a millisecond. Furthermore,

despite a complete compaction of the “headphone-like” structure in the apo state, Lif still
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retains the capability to bind to its cognate lipase in that only then hydrophobic and polar

interface residues engage completely in interactions, leading to an affinity gain.

Our study was motivated by considerable evidence that showed that Lif is required for the
activation of LipA. [5] Over the last years, substantial progress has been made in understanding
the mechanism of action of this steric chaperone. [4, 5] Previous in vitro experiments indicated
that both Lif and LipA from B. glumae (BgLif) undergo conformational rearrangement upon
binding, which in turn activates Lip A. Furthermore, it was reported that these structural changes
are accompanied by the formation of a-helical structures presumably in the extended helical
domain (EHD) of Lif. [2] It was also suggested that as all aromatic residues are located within
Lif’s mini-domains (MD1 and MD?2), therefore, these MDs have appreciable tertiary and
secondary structure. [19] Accordingly, here, we analyzed the separated domains of Lif
individually with respect to their structural stability. Moreover, we also analyzed the structural

dynamics of free Lif by combining molecular simulations with FRET experiments.

First, we performed three independent, unbiased MD simulations of microsecond length in
explicit solvent of MD1, MD2, and EHD. The simulations revealed that MD1 retains almost
complete the secondary and tertiary structure in the absence of the lipase and other Lif domains.
By contrast, EHD (mainly helices 6, 7, and 8) and MD?2 (helix 9 and 11) both undergo helix-
coil transitions and become less structured when isolated. Second, we performed ten
independent unbiased MD simulations of the catalytic folding domain (FOD) of Lif with and
without LipA of 1 ps length each. The comparative analysis of these simulations showed that
MD2, and to some extent EHD, undergo conformational changes upon binding to EHD: MD?2
gains secondary structure, whereas EHD showed both an increase and decrease of helicality in
different parts of this domain. By contrast, MD1 does not show any significant change in the
secondary structure. To our knowledge, the structural stability of the individual, separated

domains of free Lif has not been investigated by molecular simulations before. For the MD

22

119



Structural-functional dynamies of Lif

simulations, we used established parameterizations for proteins and solvent, which we had used
successfully in other simulations of soluble proteins [43-453]. Furthermore, to consider the
impact of a potential force field bias on our results, MD simulations for the isolated Lif domains
were performed with the ff99SB [21] and ff14SB [22] force fields. The maximum difference in
the results obtained from the two different force field was equivalent to ~1 £7" change in free
energy, which is within the expected uncertainty of the force fields. [21] As a crystal structure
of Lif from P. aeruginosa is neither available in the apo nor the bound form, a homology model
was used as a starting structure for Lif. Note that, as Lif adopts an open “headphone-like”
structure in the X-ray structure of lipase:foldase from B. ghimae, our homology model also has

an open, “headphone-like” structure.

Next, the MD simulations of the FOD revealed that in the free form Lif tends to compact, as
shown by an Rg of ~21 A after ~ 200 ns starting from an Rg of 31 A. However, despite the
compactness of the structure, Lif shows considerable internal structural dynamics as monitored
by the complete range of the torsion angle occupied (for a definition, see figure 3), revealing a

pronounced twisting motion along the EHD that results in multiple conformational states.

To further characterize the structural heterogeneity and dynamics of free Lif in solution, FRET
experiments were performed. Six labeled Lif variants were generated and initially tested for
in vitro efficiency to activate the lipase. Furthermore, the labeled Lif variants were also tested
with respect to forming a complex with LipA based on the difference between average FRET
efficiency of free Lif and Lif in the complex. The obtained Kp values are more uniform than
the measured K, indicating that all six Lif variants show the same tendency to form complexes
with LipA. Next, 2D-MFD analysis of labeled Lif variants shows that free Lif is on average
more compact, as indicated by the relatively higher FRET efficiency compared to when LipA
is present in UM concentration. This finding confirms the results from unbiased MD

simulations, demonstrating the internal consistency of our findings. The left-sided shift of the
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MFD histograms indicates the dynamic exchange of FRET species on a timescale of

sub-milliseconds, which is prominent in the case of free Lif.

To get further insights into the conformational heterogencity of free Lif, ensemble time-
correlated single photon-counting (¢ TCSPC) was performed to obtain a FRET-induced donor
decay histogram and model donor-acceptor distance distributions p(Rpa). This analysis
revealed that the mean of the inter-dye distance distributions for Lif variants in free Lif shifts
to larger values upon addition of LipA. This finding confirmed that in the free state Lif adopts
a more compact state as compared to the open state in the complex. The broader distributions
for free Lif indicate a higher structural dynamics in that state in contrast to Lif in the complex.
This result is again in agreement with the ones above from unbiased MD simulations and MFD

analysis.

Next, fluorescence correlation techniques were used to get deeper insights into the dynamics of
FRET exchange with respect to accessible dynamic timescales. All six Lif variants showed
similar multi-timescale FRET dynamics, extending from nanoseconds to hundreds of
microseconds, with most of the FRET dynamics captured by correlations undergoing on the
microsecond and faster timescales. Unexpectedly, and so far not fully understood, one Lif
variant P3-4 exhibits a decreased amplitude of sub-microsecond time scale dynamics (50 ns).
In order to further investigate this finding, four alternative variants (P3*-4) were tested: P32%-
4 (E255C-R296C), P3?%%-4 (E258C-R296C), P3%%-4 (E259C-R296C), and P3?%°-4 (E260C-
R296C). Interestingly, the four P3*-4 variants showed a FRET dynamics similar to the other
Lif variants with donor-acceptor distance distributions similar to the P3-4 variant. Together, the
dynamic exchange of FRET species indicates that free Lif reversibly adopts multiple compact

and extended conformations that interchange on a timescale from nanoseconds to milliseconds.

Finally, to gain insights at the atomistic level, we reweighted the conformational ensemble of

free Lif generated by MD simulations applying experimental constraints from FRET and the
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maximum entropy method. Notably, our simulation results agree well with FRET distance
distributions even before reweighting, in particular, for P2-4, P3255.4, P32%.4 P3%°.4 and
P3%6%.4, P1-2, P1-4, P3-4, with the largest difference being found in the cases of P1-3 and P2-
3. After reweighting, our simulation results agree very well with experimental data in terms of
FRET distance distributions for all Lif variants. From the reweighted conformational ensemble,
35 representative structures of free Lif were obtained that together represent about 90 % of the
reweighted ensemble. These representative structures are dominated by two states of free Lif,

a partially compact one with R ~ 25 A and a completely compact one with R ~ 21 A,

The obtained results open the questions I) why free Lif adopts a compact state and II) how it
still retains the capability to bind LipA. As to the former question, the analyses of (changes of)
the number of interdomain or intermolecular polar interactions Lif is involved in and of buried
solvent-accessible surface area (SASA) of hydrophobic and interface residues revealed that the
compaction of free Lif is mainly driven by satisfying polar interactions between Lif domains to
the extent also found for the complex with LipA. By contrast, not all hydrophobic and interface
residues are buried to the extent found for the complex. Hence, these results suggest Lif tries to
minimize disfavorable interactions in the free state. In turn, as to the latter question, these results
suggest that the formation of the Lif:LipA complex is driven by a gain in affinity originating
from a further burial of remaining hydrophobic and interface residues. In summary, our results
shed light onto the structural and functional dynamics of minimalistically structured steric
chaperone Lif. Our findings confirmed that in the absence of lipase, Lif tends to adopt multiple
conformations ranging from compact to extended conformations, on a timescale vary from
nano- to millisecond. In overall, Lif shows to favor a more compact state with a pronounced
twisting motion. Although despite compaction of the structure, LipA gains affinity to bind

compact Lif via partially exposed hydrophobic and interface surface.
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Materials and Methods

Mutation, expression, and purification of Lif and LipA

Lif variants with one Cys mutation were created by standard “QuikChange” (Qiagen) or SLIC
[46] PCR methods using Phusion DNA polymerase (Thermo Fischer Scientific),
complementary mutagenic oligonucleotide pair (Table $2) and pEHTHis19 plasmid as a
template. The resulting mutated plasmids were used as templates for the mutation of a second
residue into Cys by the same methods. The presence of desired nucleotide substitutions was
confirmed by DNA sequencing.

LipA and Lif wild-type and variants were expressed under the control of the T7 promoter in £.
coli BL21(DE3) using pETLipA-SS and pEHTHis19 expression plasmids with corresponding
mutations, respectively, as described previously. [47]

Lif wild-type and variants carrying an N-terminal Hisio-tag were purified under native
conditions by immobilized metal affinity chromatography using Ni-NTA resins (Qiagen)
according to a modified protocol of Hausmann er al. [47]. Briefly, E. coli BL21(DE3) cells
expressing Lif were suspended in buffer containing 50 mM imidazole, disrupted by a French
Press, and centrifuged at 40,000 g for 30 min. Cell lysate containing Lif was subjected to the
Ni-NTA column followed by washing and elution with buffers containing 50 mM and 500 mM
imidazole, respectively. Lif was transferred into Tris-HCI buffer (50 mM, pH 8, 1 mM EDTA)
using an ultrafiltration device (Vivaspin) with a membrane of 10 kDa pore size and stored at -
20°C.

Cells expressing insoluble inclusion bodies of LipA were resuspended in Tris-HCI buffer (100
mM, pH 8) containing 5 mM EDTA and disrupted by a French Press. LipA inclusion bodies
were collected by centrifugation at 10,000 g for ten min and suspended in the same buffer.
Centrifugation and wash steps were repeated three times to obtain purified LipA inclusion

bodies, which were solubilized with Tris-HCI buffer (100 mM, pH 8) containing 8 M urea at
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37°C for 1 h. Remaining insoluble material was removed by centrifugation at 10,000 g for ten

min.

Biochemical analysis of wild-type Lif and FRET Lif variants

In vitro activation of LipA with Lif. For activation, LipA inclusion bodies were solubilized
with Tris-HCI buffer (100 mM, pH 8) containing 8 M urea at 37°C for 1 h. The remaining
insoluble material was removed by centrifugation at 10,000 g for ten min. Solubilized LipA (68
pM) was diluted tenfold with refolding buffer (10 mM Tris-HCL, 1 mM CaCla, 45% (v/v)
glycerol, pH 8) containing an equimolar amount of Lif and was gently agitated for 3 h at 30°C.
LipA activity assay. The activity of LipA was spectrophotometrically monitored by the release

of p-nitrophenolate from the standard lipase substrate p-nitrophenyl palmitate. [15]

Fluorescence labeling of Lif double Cys mutants

For fluorescence studies, cysteine residues of Lif variants were modified with malemide
functionalized dyes, Alexa Fluor 488 C5 maleimide (donor) and Alexa Fluor 647 C2 maleimide
(acceptor) (ThermoFisher Scientific), in two subsequent steps. For that purpose 100 nmol of
purified Lif in labeling buffer (50 mM Tris-HCI pH 8.0 at 4°C), 0.8 molar parts of Alexa488
(eagsnm = 71,000 M em) dissolved in dimethyl sulfoxide (DMSO) and 5 mM tris(2-
carboxyethyl) phosphine (pH 8) were agitated slowly for 3 h at 25°C. Theoretical extinction
coefficient of double Cys mutants of Lif of e2gonm = 19,940 M- em! was used to calculate the
Lif concentrations of double-labeled Lif variants according the equation: o(Lif) / (mg/ml) =
Aazgonm - (0.11 X Aagsnm) - (0.02 X A647m) / e280nm(Lif). Single donor labeled Lif was purified at
10°C via anion exchange chromatography using ResourceQ column (1 ml capacity) (GE
Healthcare) according to the manufacturer recommendations. Briefly, donor labeled Lif sample
diluted five times in IEX-A buffer (50 mM Bis-Tris pH 6.3 at 10°C) were loaded to the
ResourceQ column followed by a wash step with 10 mL of IEX-A Buffer. Elution of proteing

bound to the column was achieved with a linear increase of NaCl up to 500 mM during 180
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min. Fractions of single labeled Lif with protein to donor dye ratio of 1:1 were concentrated,
and the buffer was exchanged to the labeling buffer using an ultrafiltration device (Vivaspin)
with a membrane of 10 kDa pore size. Labeling with Alexa647 dye and purification of double-
labeled Lif variants was performed following the donor labeling procedure using four-fold
molar excess of the acceptor dye. Labeled Lif samples were stored at -20°C in the presence of
20% (v/v) glycerol. For control fluorescence experiments single Cys mutants of Lif were
labeled with Alexa488 and Alexa647 dye separately as described for double Cys mutants only

that second labeling step was omitted.

Single-molecule Multiparameter Fluorescence Detection (MFD).

Data collection. MFD measurements [23, 48, 49]was done using a 485 nm diode laser (LDH-
D-C 485 PicoQuant, Germany, operating at 32 MHz, power at objective 40 pW) and 635 nm
diode laser (PicoQuant, Germany, operating at 32 MHz, power at objective 8 uW) in interleaved
pulse mode, PIE [26] exciting freely diffusing labeled molecules that passed through a detection
volume of the 60X, 1.2 NA collar (0.17) corrected Olympus objective. To ensure the single-
molecule conditions, confocal volume occupancy was kept below 5%. The emitted fluorescence
signal was collected through the same objective and spatially filtered using a 100 pm pinhole,
to define an effective confocal detection volume. Then, the signal was divided into parallel and
perpendicular components at two different colors (“green” and “red”) through band pass filters,
HQ 520/35 and HQ 720/150, for green and red respectively, and split further with 50/50 beam
splitters. In total, eight photon-detectors are used- four for green (t-SPAD, PicoQuant,
Germany) and four for red channels (APD SPCM-AQR-14, Perkin Elmer, Germany).
HydraHarp 400 Multichannel Picosecond Event Timer & TCSPC Module (PicoQuant,
Germany) was used for data registration. Measurements were performed at room temperature

(to 21°C£1°C).
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Data analysis. Single-molecule Multiparameter Fluorescence Detection data were processed
as described in ref. [25] Fluorescence intensity-based photon distribution analysis, PDA was
performed according to refs. [30, 31] using the model of single Gaussian state with variable
width for free Lif and a model of with two Gaussian was used for Lif in the presence of
micromolar LipA. Uncertainty due to orientation factor «? was treated as described in Sindbert
et al. [50]. Correlation analysis, filtered FCS was preformed, according to Felekyan ef al. [28].
Because a large number of terms was required to represent the data in global fit of species auto-
and cross-correlations, a formal model with four anti-bunching terms with fixed relaxation
times (50 ns, 1 ps, 10 ps, 100 us) was used to idealize the anti-correlation part of species cross-

correlation curves for the comparison.

1
G(tc) =1+ EGdif(tc) x Gb(tc) X Gph(tc) x Ga(tc)7 where

te
i

-1 2 -1
wy to
tq f) (1 + (Zu) . tdif)

Gp(t)=1—b+bexp (;—Z”)

G-ph(tc) = (1 — Qpp €XP (;_t:))
D

Galte) = (1 —ax Nt a;exp (—t)) Eq. 1

ta,i

Gair(tc) = (1 +

The observation volume is approximated by a 3D-Gaussian volume with 1/e? radii in the lateral
(wg) and the axial direction (zo), tar is the diffusion time, b and fy is the amplitude and time of
the bunching term, aph and fpn is the amplitude and time of the anti-bunching term related to
acceptor photo-bleaching, and a, aj and £, are the amplitudes and times of the anti-correlation
terms.

Determination of Acceptor Quantum Yield. Acceptor fluorescence quantum vield ®f a was
determined via PIE-MFD [26] for each Lif FRET variant. The average fluorescence lifetime of

the acceptor (r( Al A))x was determined via sub-ensemble analysis of fluorescence intensity
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decay of the acceptor dye present on FRET molecules. TAC-gated (direct acceptor excitation
channel) fluorescence correlation curves were used to determine the fraction of the dark (non-
fluorescence states including triplet and cis-trans isomerization) agak. Quantum yield was
determined using reference value for AlexaFluor647: @pa, rer=0.4 for (ta|a)srer=1ns
[51] using:

Dpa = 04 {1pja))x " Adark Eq.2

Lif:LipA complex titration. Labeled Lif was mixed with a series of concentrations of LipA in
5 mM Tris, 5 mM glycine buffer at pH 9 (final concentration of Lif: 5 nM), and incubated
overnight at room temperature. Protein low-binding labware, protein low-binding tubes
(Eppendorf) and 200 pl and 10 pl pipette ultra-low retention tips (Brand), was used to minimize
loses of LipA due to protein adsorption. Measurements were performed on a single molecule
setup described above using 485 nm diode laser (operating at 64 MHz, power at objective 120
LW).“Green™ and “red” signal, S¢ and Sr, was converted into a proximity ratio P = Sz / (Sg +
Sr). P of free Lif was set to the fraction of complex xcomplex = 0 and P of Lif at 1.5 uM LipA
concentration to Xcomplex = 1. Data were fitted to Eq. 2 using OriginPro9 (OriginLab Corp.,

USA):

_ CLipa
Xcomplex = Kp+Cripa Eq.3

Ensemble time-correlated single photon-counting (eT CSPC).

Data collection. Ensemble time-correlated single photon-counting (e TCSPC) measurements of
high-precision fluorescence intensity decays were performed on a FluoTime300 High-
Performance Fluorescence Lifetime Spectrometer equipped with HydraHarp 400 Multichannel
Picosecond Event Timer & TCSPC Module and Hybrid Photomultiplier Detector Assembly
(Picoquant GmbH, Germany). The excitation source was a SuperK EXTREME

supercontinuum white light laser (NK'T Photonics, Denmark), set to 488 nm and 19.51 MHz
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pulsing frequency, passed through BP488/10x (Chroma Technology, USA) interference filter
for excitation beam cleaning. The emission wavelength was set to 525 nm, and the long-pass
LP495nm filter was used to reduce the scattered light contribution. All measurements were
performed using magic-angle polarizer configuration (54.7°) and with temperature control set
to 20°C10.1°C. Time-resolved fluorescence intensity decays were collected using 8ps bins and
analyzed using software for analysis of fluorescence data ChiSurf[27].

Data analysis. FRET efficiency distribution p(F) or equivalent inter-dye distance distribution
p(Rpa) can be determined by analyzing the FRET-induced fluorescence intensity decay of a
donor dye Fpa(t), when the fluorescence properties of the donor in the absence of FRET
Fpoy(f) modeled as a sum of exponentials with species fraction x; and lifetime 7, are known

[27].
3
Foy (1) = Z X e tm
i=1

Fowy(t) = Fpiy(8) fRDA P(Rpa) exp (—tko(Ry/Rpa)®)dRps + XpyFpcoy (t) Eq. 4

Ry is the Forster radius (here Rg = 52 A), k, is the radiative rate of unquenched donor dye.

To model the donor-acceptor distance distribution we used Gaussian function (model
parameters: number of Gaussian states n, state fraction x;, state mean inter-dye distance mean
{Rpa);, distance distribution width ap 4;):

_ (RDA_(RDA)i)Z)

P -
p(Rpa) = 21:1 xlmexp ( 2047 Eq. 5
or generalized single Gaussian function (model parameters: mean (Rp,), width a4, shape

factor k):

. exp| — (s [I_K(Rbﬁ;fm))]_m“))z Eq. 6

20p 4%

p(Rpa) =

opa—K(Rpa—(Rpa)) \2mop a2
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Molecular dynamics simulations

All-atom MD simulations were performed with the Amber11 software package [52], using the
f99SB and ff14SB force fields [21] as described by Ciglia et at.[45] Lif in complex with LipA,
free Lif and the separated domains of free Lif, MD1, EHD, and MD2, were placed in octahedral
periodic boxes of TIP3P water molecules [43] such that the smallest distance between the edges
of the box and the closest solute atom is 11 A. The SHAKE algorithm [53] was applied to
constrain bond lengths of hydrogen atoms, and long-range electrostatic interactions were taken
into account using the Particle Mesh Ewald method [54]. The time step was set to 2 fs with a
non-bonded cut-off of 8 A. The starting structures were first energy minimized by applying 50
steps of steepest descent minimization, followed by 450 steps of conjugate gradient
minimization. During the minimization, the solute atoms were restrained applying decreasing
harmonic potentials, with force constant of 25 kcal mol™! A~ initially, reduced to 5 kcal mol!
A% in the last round. For thermalization, the systems were heated from 100 K to 300 K in 50
ps of canonical (NVT)-MD simulations with force constant of 5 kcal mol™! A2, Afterward, MD
simulations of 250 ps length were performed using the isothermal-isobaric ensemble (NPT)-
MD simulations with the same force constant. Finally, the force constant of the harmonic
restraints was reduced to zero during 100 ps of MD simulations in the NVT ensemble. For
production, 10 MD simulations of 1 pus length for free Lif as well as for the Lif:LipA complex
were performed and for each domain three MD simulations of 1 ps length each. 30 additional
MD simulations of 250 ns length for free Lif were also performed to generate a conformational

ensemble.

Analysis of trajectories
MD trajectories were analyzed with the Amber module CPPTRAT [55] in terms of the average

da-helix content, a dihedral angle to describe twist motions (figure 2 and 3) and compactness
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(R). The ten MD simulations of 1 ps length each were used for these analyses; the first 100 ns
of these trajectories were not used in the Rg analysis. The average a-helix content per-residue
was expressed as the difference between bound Lif with respect to free Lif and analyzed using
the two-sided #test. A p-value < 0.05 was considered statistically significant (figure 2C).
Similarly, average a-helix contents per-residue were calculated for individual domains over
three independent MD simulations. The centers of mass of residues Q137, A215, E268, and
R296 were used to define the dihedral angle (figure 3A, B). Next, the total number of hydrogen
bonds (HBs) and salt bridges (SBs) formed by free Lif were also calculated by using CPPTRAJ,
over the conformations of the reweighted ensemble (5343 structures) and the representative
ensemble (35 structures). For the Lif in complex with Lip A, all conformations generated during
ten independent MD simulations of Lif:LipA complex were used to calculate a total number of
HBs and SBs. The density distributions were computed by using kemnel density estimator.
Similarly, density distributions for total hydrophobic solvent-accessible surface area (SASA)

and the interface SASA were calculated for free Lif and Lif in complex with LipA.

FRET -accessible volume calculations

To compare data from MD simulations with FRET results, we produced accessible volume
(AV) clouds [30] for all MD-generated conformations of free Lif and then calculated the
distance between the mean positions of the dyes attached at defined residues (Table 1). In detail,
the AVs of dye molecules attached to the chosen residues Q137, A215, E268, E255, R258,
Q259, M260, and R296 via linkers in free Lif conformations were computed using the FPSv1.2
program [20]. The algorithm implemented in FPSv1.2 uses a coarse-grained representation in
which the label is approximated by a flexibly-linked sphere to compute the sterically allowed
AV [24]. Here, the linkers of Alexa488 and Alexa647 are approximated as flexible tubes with
a width of Lwian = 4.5 A and a length of Liink = 20.5 A and 21.0 A, respectively. One radii was

used to describe the dyes (5.0 A, 4.5 A, 1.5 Ay and (11.0 A, 4.7 A, 1.5 A) for Alexa488 and
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Alexa647, respectively. From the accessible volumes, FPS computes (Rpa), the mean donor-

acceptor distance, and (Rpa)e, the FRET averaged mean donor-acceptor distance, for each pair

of AVs.

Cluster reweighting

To generate an initial ensemble of conformations for reweighting, the MD-generated
conformations of free Lif were clustered based on their structural similarity. Cluster analysis
was performed with the Amber module CPPTRAJ [55] using the hierarchical agglomerative
algorithm. As a distance measure, the Co atom root mean square deviation (Ca-RMSD) of all
residues was used. A maximal distance between all members of two clusters (complete linkage)
of <4 A was used as ending criterion for the clustering. With these settings, we obtained a total
of 1510 clusters of free Lif structures. About 64 % of all clusters contained only a single
structure. The representative structures of the other 545 clusters (i.e., the structure closest to the
centroid of each cluster) were pooled together to generate an initial structural ensemble for
refinement. This ensemble corresponds to 82% of all structures. Cluster weights w were
calculated by computing the size of the cluster as a fraction of all structures.

Cluster reweighting was performed similarly as described in Rozycki (2011) [40]. First, we
calculated the Gaussian probability distance distribution with mean value (Rp, ) and standard

deviation apy (eq. 7) for all dye pairs in a structure [50].

- (RDA—(RDA))Z) Eq.7

20pa’

1
p(Rpa) = Teronal exp (
The average p(Rpa) for the whole ensemble of simulated structures is computed according to

eq. 8, where N is the total number of clusters, wi is the weight of cluster &, normalized to X, wy,

=1, and p(Rpa) is the mean probability distance distribution for cluster £.

P(Rpa)sim = Zg:l wi(p(Rpaki) Eq. 8
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The discrepancy between the simulated, average p(Rpa)sim and experimental p(Rpa)exp

(Table S9) for any dye pair (J, j) was calculated using eq. 9

Np (P(RDA) ai,ysim M)~ P(RpA) (i jyexp (m))z

2 L
Xih = N, Zmia T agiH (M)

Eq. 9

N}, is the total number of bins in a distance distribution, and %, (m) is the statistical error
calculated from FRET experiments for bin m. The total deviation (XZ,.4,) is calculated by

summing up the calculated y?2 for all dye pairs according to eq. 10

Xfotar = L X° Eq. 10

In order to improve the agreement with experimental data, we vary the cluster weights wy
randomly in each iteration. This procedure was repeated until xZ,.,; < 1. To prevent the
overfitting of data, we used the maximum entropy method (MEM) [41], for which we defined

the relative entropy (eq. 11) as described in Rozycki (2011) [40].

AS = — zﬁzlwkln% Egq. 11,
k
where WISO) is the initial cluster weight, and wy is the varied weight. Hence, at the start, when

Wi = ngo), AS=0.

Next, to obtain an optimal solution, we used the same free energy function G (eq. 12) introduced

in ref. [40] with a temperature-like control parameter 6.
G = y%-84S Eq. 12

The function G was minimized by using simulated annealing with respect to the normalized

weights of the clusters. For a large value of 8, minimizing G leads to small perturbations of wy,

from the initial values ngﬂ) for the majority of the clusters [40]. In contrast, minimizing G with
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@ close to zero produces the best agreement with experiment, but also causes large changes in
the weights, which may a result of overfitting. Therefore, the simulated annealing was started
at a large value of 8 = ~ 700 to allow minimal changes in initial weights, which was then
reduced by a factor of 0.9 in repeated fixed steps to sweep out a broad 8 range [56]. G was
minimized until the statistical uncertainty xZ,,o; = 1, and no further decrease in ¥y, was
obtained over the iterations. We chose the AS threshold corresponding to a free energy change
of 3 kT, below which we considered the data over-fitted, as this value is within the expected

error of MD force fields.

After reweighting, we rank-ordered the clusters by their new weights in decreasing order,
calculated the discrepancy y° and plotted it as a function of the cumulative new weights (Figure
8C). Top 35 most populated clusters account 90 % for the reweighted ensemble. The ensemble
of 35 representative structures was clustered, first, by usingthe Rc as a criterion with a distance
cut-off of 4 A as we used before, between members of two clusters. The two resulting clusters
were sub-clustered using the Co-RMSD as a criterion with a distance cut-off of 3 A between
the structures of the same cluster in order to analyze the structural similarity within the clusters.

Both clusterings were performed using CPPTRAJ, as explained above.

The MEM refinement was repeated two more times, with different seeds for the random number
generator during simulated annealing for G minimization. Therefore, in total, we ran the
refinement three times starting from the same initial weight distribution. From the three runs,
average optimized weights + SEM for each cluster were computed at the relative entropy
threshold of 3k7. However, in order to check the efficiency of MEM to provide the optimal
solution, we reweighted the simulated ensemble of 545 clusters using the convex optimization
ensemble reweighting (COPER) method as described in Leung (2016) [42]. In brief, this
approach uses an interior point method [57] as a starting point to effectively find the optimal

solution using the same MEM as explained above. An interior point is a point where the
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experimental constraints meet the best solution, that is, XZ,,,; < 1. We found the interior point

by minimizing x2,,,; with the free energy function G = kT AS, where AS is defined in eq. 11,

k is the Boltzmann constant, and 7' is the absolute temperature. As G is minimized without the

control parameter, we obtained the minimal value of ¥Z,,,,with a large change in the AS, which

indicates data overfitting. The weights obtained at the minimal y?,,,, are taken as the starting

weights to perform the refinement again in the inverse way as compared to MEM to maximize

the relative entropy. The refinement was done until the relative entropy threshold was reached.
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Supplementary Figures
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Figure S1: SDS-PAGE analysis of purification and fluorescence labeling of the Lif
variants P1, P2, P3, and P4. Samples were analyzed on 12% SDS-PAGE and visualized with
A) Coomassie Blue G-250 dye, B) ilumination with ultra violet light and C) visible light. The
numbers on the left-hand side ndicate the molecular weight of standard proteins (M).
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Figure S2: Ion exchange chromatographic purification of labeled Lif P1-2 variant after
labelling with the donor (A) and the acceptor (B) dye. The blue diagram shows absorption
profiles at 280nm. Brown diagram shows the ionic strength of the buffer. Collected fractions
are indicated with red dotted lines.
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Figure S3: SDS-PAGE analysis of purification and fluorescence labeling of the Lif
variants. Fluorescently labeled Lif variants including the wild type Lif (WT) and LipA were
analyzed using 12% SDS-PAGE and visualized by illumination with visible (A), and ultra violet
(B) light. The numbers on the left hand side indicate the molecular weight of standard proteins
M).
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Figure S4: SDS-PAGE analysis of purification and fluorescence labeling of the Lif
variants. Fluorescently labeled Lif variants including the wild type Lif (WT) and LipA were

analyzed using 12% SDS-PAGE and visualized by staming with Coomassie Blue G-250 dye
(A), illumination with visble (B), and ultra viokt (C) light. The numbers on the leff hand

mndicate the molecular weight of standard proteins (M).
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Relative lipase activity [%0]

Figure S3: Kinetics of LipA activation with labelled Lif variants. Labeled Lif variants and
the wild-type (WT) (2.5 nM) were tirated with pre-active LipA (ffom 0.5 to 1,000 nM),
imncubated over might at 4 °C m TB buffer followed by lipase activity assay. The activation
constant (Kact) were calculated by one site binding hyperbola fit. Results are mean + SEM of

1IEI 100
LipA concentration [nM]

three mdependent experiments, with each set in triplicates.
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Figure S6: Equilibrium complex formation of labelled Lif variants and LipA. FRET
variants of Lif labelled with Alexa488/647 were tirated with LipA. Proximity ratio P =
SR/(Sc+SR) was converted into fraction of the complex xcomplex = (P — Po)/ (Pend— Po), where Po
and Pendare proximity ratios of free Lif and Lif with maximum concentration of LipA. Bmding
model xcomplex = cLipa/(Kp + cLipa), where Kp i equilibrium dissociation constant and cripa is
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concentration of LipA, was applied to 2 set of LipA dilutions
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Figure S7: Single molecule MFD histograms. FRET efficiency £ and burst-integrated
fluorescence averaged lifetime of the donor (tp)r of six FRET variants of Lif labelled with
Alexa488/647 are shown in absence and presence of a micromolar concentration of LipA.
Linker-corrected static FRET lines (magenta), lnking fluorescence observables assuming
FRET distribution due to dye-linker diffision of width (opa= 6 A), and parameters: green/red
chamnel detection efficiency ratio v' = 0.8, green and red chamnel background (Bg) =0.55 kHz
and (Br) =0.35kHz, drrect excttation of acceptor by a blue laser = 0.02. Dye parameters m are
collected in Table S4.
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Figure S8: PDA of single molecule FRET efficiency histograms for labelled Lif variants in

the absence (gray) and presence of a micromolar concentration of LipA (red). A single Gaussian
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fit with variable fluorescence averaged distance (Rpa)r and apparent width Gapp was applied.
Observation window ATW = 1 ms, common fit parameters: greenred channel detection
efficiency ratio v = 0.8, green and red channel background {Bg) = 0.55 kHz and {Br) =0.35
kHz, direct excitation of acceptor by a blue laser = 0.02, Forster radius Ry = 52 A
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Figure S9: FRET dynamics probed by filter FCS. (A) Species cross-correlations (LF—HF
and HF—>LF) of labelled Lif variants created with HF- and LF-fiters were fitted using a model
with 3D Gaussian diffision, a bunching term, asymmetric anti-correlation n millisecond time
range indicating acceptor photo-bleaching, and 4 anti-correlation terms with relaxation times
tai (50 s, 1 ps, 10 ps, 100 ps), according to Eq.1 (see Table S7). (B) Kinetic spectra of FRET
anti-correlation show a tmme-scale of exchange between FRET species. Log-averages are
mndicated by gray bars. (C) Log-average of anti-correlation time of Lif FRET variants shows
FRET dynamics average in microsecond time-scale, with the exception of P3-4 variant (268-
296) characterized by slower FRET dynamics.
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Figure S10: Time-resolved fluorescence intensity decay histograms (eTCSPC) of donor in
presence of acceptor (donor reference not shown). Various models of p(Rpa) are fitted to the
experimental decays: (A) generalized Gaussian distribution (Eq. 6), (B) initial MD ensemble,
(C) MD ensemble weighted with p(Rpa) from generalized Gaussian distribution fit. Metrics of
fit goodness (y?r) are given in Table S8.
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Figure S9: Reproducibility and validation of the maximum entropy method (MEM) used
for cluster reweighting. (A) Frequency distribution of the radms of gyration (Rg) of the
conformational ensemble of fiee Lif generated from ten unbiased MD simulations of 1 ps
length (blue shaded region), showing four populations at ~21 A, ~24 A, ~25.7 A, and one at
~31A representing the closed, partially closed and open states of Lif. Exemplary conformations
of the closed, partially closed and open state are shown as cartoon representation. The red, blue,
and black curves show the frequency distribution after MEM optimizations and the brown curve
after optimization by COPER. (B) Robustness of the MEM. The average optimized weight of
each cluster + SEM, computed across three independent optimization runs. Clusters are rank-
ordered according to the mitial weights shown by the color scale on the right. (C) Comparison
of MEM with COPER. Optimized weights of clusters obtamed by MEM are compared with
optimized weights obtained by COPER at the entropy threshold.
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Figure S10. The a-helical content of separated domains of free Lif as a function of MD
simulation time. The secondary structure of each domam residues MDI1 (cyan, bottom), EHD
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(light blue, middle), and MD2 (blue, top) are given as a function of the smulation time. In the
left colunm, the secondary structure is shown for representative MD simulations performed
with the ff99SB force field for all three domams and in right with ff14SB force field. All three
helices in MD1 are stable over the simulation time irrespective ofthe used force field, whereas
H5-H7, H9, and H11 show wregular o-helix formation wrespective of the force field.

Supplementary Tables

Table S1Bacterial strains, plasmuds, and oligonucleotides used in this work.

Name Description Reference/
source
Plasmids
pEHTHis 19 pET19 containing a 985 bp fragment carrying lipH gene with first 60 | [28]
bp encoding the transmembrane domam replaced by a Hisio-tag
sequence from the plasmid, PT7g10, Ap®
pETLipA-SS pET22b containing a 916 bp fragment carrying lipA gene lacking its first | [28]
78 bp coding for the signal sequence, PT7g10, Ap®
Strains
L. coliBL21 (DE3) F- ompT hsdSe (18" mp™ ) gal dem (DE3) Novagen,
Darmstadt,
Germany
E. coliDH5a supE 44 AlacUL69 (D8O lacZ AML5) hsdR17 recdl enddl gyrd96 thi-l | Invitrogen,
reldl Karlsruhe,
Cermany

Oligonucleotides (5°— 3°)?

Q137C for CCAGGCGTTGGCGCTGA TGP TCGCCAATACATCGA CTACAAGA
Q137C rev TCTFTGTAGT CGATGTATT GGCAACCACT CA GCGCCAACGCCTGG
A215C for CGAGGAAAAGGCCTCGECCGCCATCGACCGC

A215C rev GCGGTCGAT GGCGECEACGGCCTTTTCCTCG

BE26RC _for® GTCAGCAACTGGTGGGCGCCTGCGCCACCACCCGCCTGGAGC
B268C revb GGCGCCCACCAGITGCTGACGC

R2%6C for TTTCGCCGA GAA GA GCTCGSCATCGAA GGCAATACCG

R296C rev CGGTATTGCCITCGAT GCCCAGGCTCTITCT CGGCGAAA

Lif AVD_for® AGGTITCCAGCCACATATGCITGTCGTC

Lif  AVD rev® AGCATATGTGGCTGGAACCT GCCAAGGTCGCGCCGCTG

Mutated codons are indicated m bold, and nucleotides of the wild typegeneare in superscript.
"Primers used for SLIC PCR.

Table S2 Activation (Kact) and equilibrium dissociation Kp constants for ir vitro reaction between pre-active LipA

and Lif
Lif variant K+ SEM [nM] K+ SEM [nM]

P12 QI37C-A215C 63 £24 18 £5
P13 QI37C-E268C 73 £9 20+4
Pl4  QI37ICR296C 40 £6 25+6
P23 A215C-E268C 43 £4 20£5
P24 A215C-R296C 85+9 26 £3
P34  E268C-R296C 24 +£4 24£5
WT 19 £2 ND.*

* Diss oclation constant for the wild type (WT) Lif could not be determned with FRET assay.
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Table S3Fluorescence parameters of smgle Cys Lif vanants.

Lif variant
Pl Q137C
P2 A215C
P3 E268C
P4 R296C
P1 Q137C
P2 A215C
P3 F268C
P4 R296C

Dye
Alexad88
Alexad88
Alexad88
Alexadg88
Alexab47
Alexatd?
Alexabd7
Alexasd?

I'steady
015
016
0.24
016
0.30
0.29
0.30
0.27

(oxlns] (vrlns]
38 4.1
37 41
38 4.0
37 41
14 15
15 16
17 18
16 1.7

Table S4 Average fluorescence quantum yields of donorand acceptordye, Prp and @y a, residual anisotropy #ing
simulated 1@ distribution with maximum_error and maximum _uncertainty of FRET distance estimation ARpa.

Structural- functional dynamics of Lif

Lif vanant

P1-2
P1-3
P1-4
P23
P24
P3-4

Drp
0.78
0.74
0.84
0.77
071
0.76

Dra
0.32
0.34
0.31
038
0.37
0.36

FinD
0.140
0.151
0.107
0.199
0.146
0.195

7inta

0.314
0.309
0.289
0322
0.305
0.282

FinfA(D)

0.038
0.022
0.056
0.039
0.031
0.032

@
0.64+0.39
0.64+0.39
0.64+0.35
0.72+0.40
0.64£039
0.65+0.40

ARpa®
0.149
0.158
0114
0143
0.149
0158

- Orentation factor ¥ given as mean and standard deviation of the simulated distribution.
b_ 2 based uncertainty of the donor-acceptor distance Rpa.

Table S5Parameters of PDA Gaussian fit with variable fluorescence averaged distance (Rpa)r and apparent width
Gapp. Obs ervation wndow ATW =1 ms, commen fit parameters: green/red channel detection efficiency ratio y* =
0.8, green and red channelbackground {Bg) =055 kHz and {Br) =0.35 kHz direct excitation of acceptor by a blue

laser = 0.02, Forster radius Ro = 52 A,

Lif variant

P12
P12
P1-3
P1-3
P1-4
P1-4
P23
P23
P2-4
P2-4
P3-4
P3-4

LipA

+

(Rpade

55
59
38
49
58
77
51
63
48
63
41
50

Gapp

W s v kW S W W

Xcompl ex

0.87

0.67

0.91

0.96

2
xr
1.65
4.76
237
831
1.81
0.91
219
0.81
11
214
204
1.93

Pra
032

0.34

0.31

0.38

0.37

0.36
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Table S6 Fit parameters of fluorescence ntensity donor decay (eq.4) and of FRET-nduced donor decay with
donor-aceeptor distance distribution modeled by generalized Gaussian distribution (Eq. 6). Uncertainty denotes
0.99 confidence interval of the fit for given fitting parameter.

P12 P13 Pl4 P23 P24 P34 P3S4 PR PRO4 P304
Tn 1060 1073 1080 1073 1103 1103 108 1115 1085  1.064

p(Bpa)model parameters, eq. 6
<RDA>,A 65 +1 29 +7 71 £2 59 +1 53 +2 46 +1 46 +1 52 +1 53 +1 53 +1

93 34 15 12 16 13 16 12 13 11
ona. A +1.9 +14 421 416 +17 405 +1 405 405 +05
028 0.53 011 041 0.07 034 0.15 037 024 036
b 019 #032  +021 02 021 012 016 014 013  +014
Do 0030 0004 0410 0043 0023  00l4 0018 002 0008 0031

Donor parameters Fpo)(f), eq. 4

T, ns 423 423 420 419 418 423 416 422 416 415
o, 18 228 229 230 216 212 223 221 217 216 215
T, 18 0376 0385 03% 0335 0357 038 0417 0405 0413 0429
1 0805 086 0819 084 0768 086 0701 0740 0688 0702
% 0116 0116 0109 0102 0133 0116 0180 015 018 0182
% 0079 0078 0072 0074 0099 0078 0119 0164 0125 0116

Table S7 (A) Parameters of filtered FCS fit (Eq. 1). LE-HF denotes low-FRET to high-FRET species cross-
correlation, and HF-LF the reverse. Single field for 2 cross-comrelation denotes jointly fitted parameter.

P1-2 P13 P1-4 P23 P2-4
LF-HF HF-LF LF-HF HF-LF LF-HF HF-LF LF-HF HF-LF LF-HF HF-LF
22 0613 0575 0472 0543 0357 0336 0575 0540 0530 0382
Gair (3D Gaussian diffusion)
N 0255 0.097 0747 0175 0271 0216 0.185 0.117 0219 0.053
tair, ms 24 23 25 15 L7
Mo/Zo 5
Gh (bunching)

b 0539 0.647 0545 0681 4004 3423 0248 0290 0331 0.649
ty, ms 35 35 5.1 5.1 247 247 3.0 3.0 4.1 4.1

Gpn (acceptor photo-bleaching, only in HF-LF correlation)
@ph 0.000 0.634 0.000 0781 0000 0251 0000 039 0000 0770
fpn, mS 10

Ga (anti-correlation)

a 227 228 2.03 2.17 2.38 241 1.77 183 1.89 1.92
a1 0.151 0.155 0.183 0.122 0.156

az 0.176 0.154 0.116 0.158 0.160

a3 0.067 0.224 0.111 0.148 0.130

a4 0.606 0.466 0.589 0.572 0.554
ta1, us 100

taz, 1S 10

ta3, us 1

ta4, NS 50

149



(B) Parameters of filtered FCS fit (Eq. 1). LF-HF denotes low-FRET to high-FRET species cross -correlation,
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and HF-LF the reverse. Single field for 2 cross-comrelation denotes jomtly fitted parameter.

P34 P54 P3258.4 P3259-4 D3260.4
LF-HF HF-LF LF-HF HF-LF LF-HF HF-LF LF-HF HF-LF LF-HF HF-LF

12 0596 0495 0494 0780 0598 0744 0713 0569 0788 0662
Gaitr 3D Gaussian diffusion)
N 0411 0.100 0512 0142 0582 0247 04l6 0.123 0324 0.078
tair, ms 2.1 2.2 23 2.4 1.6
o/zo 5
Gi (bunching)
b 0473 0562 0513 0395 0611 0395 0559 0642 0360 0521
t, ms 4.5 4.5 4.0 4.0 6.3 63 4.0 4.0 4.0 4.0
Gpn (acceptor photo-bleaching, only in HF-LF correlation)
dph 0.000 0763 0.000 0.726 0.000 0573 0.000 0.707 0000 0.769
fph, MS 10
G (anti-correlation)
a 1.23 1.44 1.40 1.59 229 2.54 2.22 221 1.80 1.87
ai 0.173 0.145 0.141 0.236 0.145
a 0.241 0.187 0.132 0.116 0.121
as 0.227 0.212 0.158 0.084 0226
ay 0.359 0.456 0.569 0.564 0.508
ta1, 1S 100
ta2, 1S 10
a3, 1S 1
tad, NS 50

Table S8 Goodness of fit y?r of FRET-mduced donor decay to (A) generalized Gaussian distribution (Eq. 6), (B)
pRpa) from initial MD ensemble, (C) p(Rpa) from MD ensemble weighted with p(Rpa) from generalized

Gaussian dis tribution fit.

2

LR

A c B
P12 1.060 21.98 1136
P13 1.073 3695 1320
P14 1.080 1429 1082
P23 1.073 1146 2579
P24 1103 8208 1108
P34 1103 43.44 1299
P4 1.086 1.417 1173
P34 1115 8.526 1242
pi¥ 4 1.085 1228 1152
p3%.4 1.064 1.151 1114
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MD1 i mutated to alanine. This coincides with
an approximately three-fold reduced affinity of

ABSTRACT
Folding and cellular localization of many

protems of Gram-negative bacteria rely on a
network of chaperones and secretion systems.
Among them is the lipase-specific foldase Lif, a
membrane-bound steric chaperone that tightly
binds (Kp = 29 nM) and mediates foldng of the
lipase LipA, a virulence factor of the pathogenic
bacterum P. aeruginosa. Lif consists of five-
domains, mcluding a mini domamn MD1 essential
for LipA foldng. However, the molecular
mechanism of Lif-assisted LipA folding remamns
clusive. Here, we show m in vitro experiments
using a soluble form of Lif (sLif) that molated
MD1 mhiits sLif-assisted LipA activation.
Furthermore, the ability to activate LipA is lost
in the variant sLifyeos, m which the evolutionary
conserved ammo acid Y99 from helix al of

the variant to LipA together with increased
flexibility of sLifyees m the complex as
determined by polarization-resolved
fluorescence spectroscopy. We have solved the
NMR solution structures of P. aeruginosa MD1
and variant MD1yg, revealng a similar fold
indicating that a structural modification is hkely
not the reason for the mpaired activity of variant
sLifyooa. Molecular dynamics simulations of the
sLifLipA complex in connection with rigidity
analyses suggest a long-range network of
mteractions spanning from Y99 of sLif to the
active site of LipA, which might be essential for
LipA  activation. These findngs provide
important details about the putative mechanism
for LipA activation and pomnt to a general
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mechanism of protein folding by multi-domain
steric chaperones.

The Gram-negative human pathogen
Pseudomonas aeruginosa produces a wide range
of extracellular enzymes(1, 2) among them the
lipase LipA, a seccreted putative viulence
factor(3-5). For its conversion mto an
enzymatically — active  conformation, LipA
requires the assistance of an inner membrane-
bound chaperone named lipase-specific foldase
(Lif)(6). On the folding pathway, LipA can adopt
several structurally different intermediates: an
inactive and unfolded molten globule-like
conformation(7), a near-natively folded pre-
active  conformation(8) and two folded
conformations that differ in the structure of the
a-helical lid covering the active site, with the
folded closed conformation bemg enzymatically
inactive and the folded open conformation
enzymatically active(9, 10). Addition of Lif to
the pre-active lipase immediately activates the
folding intermediate(11-16), suggesting that the
mteractions with Lif help overcommng an
energetic barrier on the folding pathway of lipase
LipA.

Lif proteins constitute a unique class of
steric chaperones(17, 18). P. aeruginosa Lif has
a five-domain organization  with a
transmembrane  arhelical  domam  (TMD),
followed by a probably unstructured variable
linker domain (VLD) and the catalytic folding
domain (CFD) which mteracts with the lpase
(Fig. 1). The crystal structure of Burkholderia
glumae foldase (homologous to P. aeruginosa
foldase) m complex with s cognate lipase
reveals only the periplasmic catalytic folding
domain(10). This domamn consists of 11 a-
helices connected by loops and is organized nto
two globular domams, mmi-doman 1 (MDI,
al-a3) and mmi-domamn 2 (MD2, a9-all),
which are connected by the highly flexible
extended helical domain (EHD, a4-a8). Six a-
helices of Lif (a1, ad, a5, a7, a9, all) are m
direct contact with LipA, forming a notably large
mterface between Lif and LipA, which 1
consistent with the high bmding affinity i the
nanomolar range of these two molecules(10).

The sequence alignment of P
aeruginosa foldase (Palif) and B. glumae
foldase (BgLif), the only foldase with known 3D
structure, revealed that among the five domains

MD1 shares the highest sequence similarity
(52%) (Fig. S1). Similar sequences often exert
similar functions, which holds for MD1, as the
chimeric foldase of B. ghimae containing the
MD1 of P. aeruginosa Lif still activated B.
glumae LipA(8). In contrast, other hybrid B.
glumae-P. aeruginosa Lifs with replaced MD2
and EHD were mactive and B. glumae Lif did
neither activate P. aeruginosa LipA nor vice
versa(8). The mportance of MDI1 for foldase
activity was further highlighted by the finding
that MD1 comprises the foldase sequence motif
RXXFDY(F/C)L(S/T)A (X can be any residue)
which 1 evolutionarily strongly conserved
among all foldase families(12) and which when
mutated mactivates foldase(19). However,
despite this detailed knowledge, the molecular
mechanism of foldase-assisted lipase folding still
remams elusive.

Here, we mvestigated the role of MD1
for the activation of pre-active LipA by
biochemical analysis, NMR spectroscopy,
fluorescence  spectroscopy  and  molecular
simulations. Our solution NMR structures reveal
that mutation Y99A in MD1 induces only slight
changes i the protein structure. However, our
biochemical activation assays show that m
contrast to MD1, MD1ye, docs not decelerate
sLif-induced activation of LipA. sLif is a soluble
form of PaLif that lacks the TMD and Y99 is
evolutionary conserved and located in helix ol
of MD1. While sLif and sLifyes both interact
with  LipA,  fluorescence-based  assays
demonstrate  that the mutation significantly
reduces the sLif-LipA affinity. The role of
mutation YO9A on LipA activation was probed
by molecular dynamics (MD) simulations and
rigidity theory. Comparative constraint network
analyses of MD-generated conformational
ensembles of wild-type sLif and variant sLifyes
mn complex with LipA suggest that long-range
network mteractions spanning from Y99 of sLif
to the active site of LipA are likely mvolved in
LipA activation.

Results
Isolated MD 1, but not MD 1 o0, decelerates sLif-
induced activation of LipA

In Ime with previous results(19) we
observed that the pomt mutation generating
variant sLifyeoa strongly modifies in vitro foldng
of LipA (sLif lacks the TMD, which is
dispensable for i vitro Lif function (14)) (Fig.
2A). Interestingly, however, LipA strongly binds
to both sLif and variant sLifveos (Fig. 2B).
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Presumably, specific interactions of MD1 with
LipA are important for its activation as proposed
for activation of B. glumae lipase, too.(8, 10, 19)
We purified MD1 (Fig. S2) and demonstrated
that these interactions are not sufficient for LipA
activation as isolated MD1 could not activate
pre-active LipA in vitro (data not shown).
However, the addition of MD1 to pre-active
LipA mn 12 to 20-fold molar excess during
activation of LipA with sLif significantly (p <
0.001, n = 4) slowed down the activation
reaction (Fig. 2C). This result indicates that
ssolated MD1 can mterfere with sLif”s capability
to activate LipA. This effect was not observed
with ssolated MD1yees (Fig. 2C). We analyzed
the affnity of both sLif and variant sLifyeoa to
LipA using a fluorescence-based assay (Tab. S1
and 52). We observed stronger bnding of sLif
(Kp = 29 £ 9 nM) than sLifyees (Kp = 77 + 24
nM) (Fig. 2D).
LipA complexes with sLif and variant sLifvoos
exhibit similar unfolding profiles

We further probed the mteractions of
MD1,MD1ygg,,sLif and sLifyee, with pre-active
LipA by analyzng the mirinsic protein
fluorescence of respective solutions  during
thermal unfolding using a Prometheus nanoDSF
device. While sLif and sLifvees alone show
typical unfoldng curves with  unfolding
temperatures of ~50°C (Fig. 3A), the thermal
unfolding of MD1 and MDlyg, cannot be
monitored with nanoDSF because MD1 does not
contain  tryptophan residues. The thermal
unfolding curve of pre-active LipA does not
show a sharp unfolding transition typical for
folded proteins but rather a broad transition with
a maximum at 73°C. Addition of MD1 or
MD1ygoa to pre-active LipA did not considerably
affect this unfolding curve, indicating that the
domams do not change the fold of pre-active
LipA and/or do not strongly mteract with LipA
(Fig. S3), which was ako confirmed by
fluorescence bmdmg assay (Figs. S4 and S5 and
Tab. S3).
In contrast, the addition of sLif or sLifyees to
pre-active LipA yielded typical unfolding curves
with a maxmum of the first derivatives at ~37°C
(Fig. 3A). Further heating of the solutions above
37°C resulted mn unfolding curves similar to the
one observed for pre-active LipA (Fig. 3A). The
unfolding temperatures for sLif or sLifyoes i the
presence of LipA are ~7°C higher than the
temperature at which LipA activity & reduced to
50% m a temperature-dependent lipase activity
assay m the presence of sLif (half-mactivation

temperature, 75, = 29.0 + 0.2°C, Fig. 3B); the
temperature difference may be expliined by the
perturbation of the contacts within sLifLipA
complex.
Internal flexibility of variant $Lif ooy in complex
with LipA is increased ascompared to sLif
Rotational diffusion and flexibility of
sLif were mvestigated by different techniques of
polarization-resolved fluorescence
spectroscopy.(20) The fluorescence anisotropy
decay r(z) of the fluorescent probe, Bodipy FL

NHS ester (BDP FL) conjugated to sLif or
sLifygon, I8 sensitive to local flexibility (time
scale of 0.1 to 10 ns) and global rotation of the
labelled molecules (Figs. 3C and S6). Typical
fluorescence lifetime data and depolarization
times are compiled m Tab. S4. Polarization-
resolved fullFCS (pFCS) is sensitive to
depolarization motions in a time range > 10 ns
(Fig. 3D), so that a jomt analysis of time-
resolved ansotropy and pFCS can capture a
much wider time range (0.1 ns to ms) (Fig. 3E).

Considering free sLif and sLifyee,, the
fluorescence anwsotropy (Fig. 3C) and pFCS
(Fig. 3D) show that sLif and sLifyeos exhibit
similar  hydrodynamic  properties  (rotational
correlation time global pglobal = 33 ns). Similar
high amplitudes of pico- to nanosecond
dynamics are evidence for a high degree of
mternal flexibility of the protemn n the absence
of LipA (order parameter, $* = 0.30, Fig. 3C,
Tab. S4) that usuvally results m dynamic
conformational ensemble(21) which agrees with
the findings of (7).

For the complexes sLif:LipA and
sLifveos:LipA the global rotational correlation
time global s nearly doubled (pgopa = 50 ns).
This  experimental value agrees with the
structure-based theoretical value for the global
rotational correlation time pyjopa = 45 ns obtamed
by HydroPRO(22) using the crystal structure of
the complex of B. glumae PDB code 2ES4.(10)
The fact that pyea m free sLif is reduced
mdicates that its conformation must be more
collapsed. The comparison of order parameters
n Fig. 3E gives further msights into the mternal
mteractions. Notably, the comparison shows that
the two mdependent fluorescence techniques
agree very well with respect to observed
depolarization times and amplitudes.

In the case of the sLifLipA complex, the
increased order parameter S* = 0.38 for global
motion (blue arrow in Fig. 3E) indicates that sLif
is less flexible in its bound form. However, for
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sLifyooa LipA, the order parameter for global
motion (§? = 0.22, orange arrow) is even further
decreased as compared to free sLifyoes (ST =
0.30, Fig. 3E). This finding agrees well with the
result that sLifyeosLipA forms a less tight
complex (Fig. 2D) as compared to wt sLif. At
the same time, the complex formation of sLif
with LipA disrupts many internal mteractions m
free sLif so that mternal friction should be
reduced due to missing contacts. To conclude,
the number of contacts m the sLifyoesLipA
complex is significantly reduced. As the Y99A
mutation s m MD1 domam, we can further
conclude that for the mutant the MD1 domamn
does not, or only weakly, mteract with LipA
while the rest of sLif should stil mteract
normally.

Structural insights into MDIs of P. aerugmosa
Lif and variant Lifyeoa

So far, a high-resolution structure of Lif
from P. aeruginosa does not exist; this is ako
true for each of the mdvidval Lif domams. To
obtain the first structural insights into this system
and to investigate the effects of the critical Y99A
mutation on the structure of the MD1 domain,
we here solved the NMR solution-structure of
the solated MD1 domam (Fig. 4A, PDB code
50VM; BMRB code 34175) as well as of the
MD1ygo, variant (Fig. 4B, PDB code 6GSF;
BMRB code 34286).

Both MD1 and MDl1ygo, resemble a
three a-helical bundle preceded by 27 N-terminal
residucs without clear secondary structure. Only
minor structural differences were observed
within each ensemble of 20 energetically most
favorable structures for MD1 as well as for
MD1yg9a, as mdicated by RMSD¢, of 1.3 + 0.3
A and 0.8 + 0.2 A, respectively. The obtained
structures of the isolated MD1 variants are
similar to the respective domamn m the crystal
structure of the LifLipA complkx from B.
glumae (Fig. 4C)(10) showmng that this domam
adopts a stable fold, even when isolated and in
the absence of a lipase.

Overall, both variants from F.
aeruginosa exhibit rather similar 3D structures,
with an RMSDy¢, of 2.4 A, when comparing the
MD1 and MDlyeoa structural ensembles. This
shows that the Y99A mutation does not alter the
overall fold of MDI. Nevertheless, some
differences are still visible when comparig both
structures. These differences include (1) helix 2,
which is slightly tilted in the MDD 1yge, variant as
compared to MD1, as well as (i) the degree of

‘disorder’ of the N-terminal coil including the
loop interacting with helix 1. Yet, the second
difference may be a direct consequence of
limited distance restramts due to chemical
exchange of the amide protons in this part of the
protein.

A comparison of the 'H-'*N HSQC
spectra for both MD1 variants reveals a rather
high amount of chemical-shift perturbations
mnduced by the pomt mutation (Figs. 5A, B).
Mapping the strongest perturbations on the 3D
structure suggests that the mutation does not
only affect the chemical environment of its direct
neighbors but does mduce effects m several
areas of the protem (Fig. 5C). This observation is
consistent with the differences found m the
structures for both variants, m particular the
relative tilt of helix 2 in the protein core. Yet,
when comparing the *C chemical shifts (C,, Cp),
which are particularly sensitive to the secondary
structure, only mmnor differences are found (Fig.
5D), again in accordance with the observed
structural differences.

In agreement with the previously
determined crystal structure of the homologous
domain from B. glumae(10) our data show that
the N-terminal part does not exhibit a clear
secondary structure motif. Furthermore, for
larger parts of this region, the amide proton
could not be detected, m lme with elevated
chemical exchange, mdicating the absence of a
hydrogen-bond network and/or the absence of
protective steric  effects provided by the
remamimg residues of the three-helix bundle.

However, our data also show that the N-
termmal region i not completely disordered. On
the one hand, this s confirmed by the rather low
mobility seen in NMR dynamics data for several
residucs with observable amide protons (Figs.
STA-C). In fact, the loop connecting helix 1 and
2 appears to be more flexible than the N-terminal
segment. On the other hand, secondary chemical
shift analysis of *C frequencies, which could be
assigned for most N-terminal residucs, differs
substantially from a pure random coil character
(Fig. 5D). Furthermore, clear inter-residue NOE
correlations connect the N-terminal region to the
three-helix bundle (Fig. 5E). Withm the here
detected parameters the features of the N-
terminal region are similar in both MD1 variants.

To gain further insights into the effect of
the YO9A mutation on the interaction of MD1
with LipA we acquired 'H,"* N-HSQC spectra of
MD1 and MD1yee, in the presence and absence
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of three-fold molar excess of LipA (Fig. S8). The
data reveals a clearly noticeable signal decrease
induced by the presence of LipA for MDI. In
general, such a signal decrease can either
indicate the formation of a tightlty bound
complex, which, however, & too large to be
detected in the NMR spectrum. Therefore, only
the reduced signal of the unbound state 1
detected (so-callkd NMR slow exchange
regime). Based on fluorescence measurements
obtamed under comparable conditions it can be
excluded that a tight complex is formed between
MD1 and LipA (Fig. S5). Alteratively, the
signal decrease can be explamed by a transient
mteraction with exchange rates m the range of
the NMR timescale, leading to peak broadening
(so-called NMR mtermediate exchange regime).
Interestingly, the observed signal decrease
considerably stronger for MD1 as compared to
MD1yveos suggestng that the mutation further
reduces the interaction between MD1 and LipA.
This observation ¥ n lne with the different
behavior found m our mhibition assay (Fig. 2C)
as well as the reduced LipA affinitics observed
for sLif and sLifyeoa (Fig. 2D). Albeit the NMR
data reveal mmor but noticeable structural
differences in MD1 structure duc to the YO9A
mutation and potential modulations m LipA
affimty, it is at this pomt unclear how these
differences can modulate Lif’s capability to fold
LipA.

Lifyoos exerts a long-range effect on LipA which
may destabilize the structure of the substrate-
binding pocket.

To understand the possible role of the
mutation YO9A for Lif-induced activation of
LipA, we mitially compared the X-ray structure
of P. aeruginosa LipA i the open, active
conformation (PDB code 1EX9) with the X-ray
structures of B. glumae lipases m thewr closed,
nactive conformations, one in the complex with
is specific foldase (PDB code 2ES4) and the
other in the unbound form (PDB code 1QGE)
(Figs. 6A-C). In the open conformation, helix a5
i moved away from the active site, allowing
substrates to access this site and a short two-
stranded B-sheet close to the active site 18 formed
by residues 21-22 and 25-26. The enclosing
residues  17-30 shape the substrate-binding
pocket (23) (Fig. 6D). Because this f-sheet is not
formed m the closed, unbound conformation of
LipA, where helix o5 18 occluding the active site,
we postulated this structural element as a
hallmark of the open and active LipA. Notably,

the foldase-bound lipase, with an overall and
active site structure mainly identical to those of
unbound lipase(9, 10) does have a two-stranded
[-sheet m the region of residues 17-30, yet helix
a5 is in the closed conformation. The structural
comparison thus indicates that the foldase
induces the formation of the two-stranded B-
sheet during activation of the lipase. Hence, the
foldase-bound  lipase can apparently be
considered an mtermediate conformation on its
way to an open conformation, with residues 17-
30 acting as a “loaded spring”.

The effect of mutation YO9A in Lif for

Iipase activation was further exammed. We first
generated a homology model of the P
aerugimosa  sLifLipA  complex, since no
experimental structure of P. aeruginosa Lif has
been reported so far. As a template structure, we
used the structure of the B. glumae foldase-lipase
complex (PDB code 2ES4) (see Materials and
Methods section for details). The fimnal model
was assessed with our in-house model quality
assessment program TopScore(24, 25) and found
to be 68 % correct for LipA and 52 % correct for
Lif (Fig. 6E). The fmal sLif:LipA model was
used as an mput structure to perform ten
mndependent allFatom MD simulations of 1.5 us
length each.
To mvestigate the mfluence of the Y99A
mutation on the structural stability of LipA, we
used an ensemble-based  perturbation
approach(26) ntegrated into the CNA approach,
a method for analyzing biomolecular rigidity and
flexibility.(26) CNA  was applied on the
conformational ensemble of the sLifLipA
complex generated from the above MD
simulations, constituting the ground state (sce
Materials and Methods section for details). A
perturbed state of the sLifLipA complex was
generated by substituting Y99 with alanine, but
keeping the structures of sLif and LipA
unchanged otherwise. We followed that
approach because LipA strongly binds to both
sLif variants (Fig. 2B), suggesting that the
respective complex structures are very similar in
both cases. The computed changes m the
residue-wise free energy AG;cna (eq. 1), a
measure for structural stability(26) was largest
for residues 1-45, 197-202, 242-250 and 268-286
in LipA (Figs. 6F, G).

Notably, these affected residues form a
narrow pathway that reaches the f-sheet-forming
region including residues 28-30 (Figs. 6F, G),
indicating that the mutation decreases the
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stability of substrate binding pocket (Fig. 6D).
We speculate that this decrease in stability
prevents the partial P-sheet formation of
substrate binding pocket and, thus, disfavors
LipA activation by sLifyeos. Finally, the Y99A
mutation also affects the stability of a number of
residues in sLif itself, especially the neighboring
residues 66-80 and 89-115 m MD1 (Fig. 6H), m
agreement with the above NMR data (Fig. 3A).
In summary, our CNA results mdicated that the
Y99A mutation m MD1 of sLif exerts a long-
range mfluence on LipA structural stability that
reaches the substrate-bmnding region that forms a
B-sheet upon activation of LipA.

Discussion

In this work, we studied the role of MD1
and of MD1’s residue Y99 on the activation of
pre-active LipA by biochemical analysis, NMR
and fluorescence spectroscopy, as well as
molecular smulations. We show that the YO9A
mutation n MD1 induces only mmor changes in
the domain’s overall structure. However, the
activation of LipA induced by sLif is mhibited
by addtion of MD1, which is not seen when
using variant MD1yeos (Fig. 2C). Comparative
CNA  suggested that long-range network
mteractions span from Y99 of sLif to the active
site of LipA that are lkely mvolved n LipA
activation (Fig. 6).

MD1 was suggested as an essential
domain for Lif activity as it containg an amino
acid sequence motif conserved among all
foldases(12) which upon mutation leads to Lif
inactivation.(19) We confirmed this finding by
showing that the P. aeruginosa sLifyeo, variant
carrying a single amino acid mutation in the
foldase motif did not actvate P. aeruginosa
LipA, in contrast to sLif (Fig. 2A).

Previously, Shibata and coworkers
reported that P. aerugimosa Lityeec, Lifygom,
Lifsjor  and  Lifyysc  variants  (all carrying
mutations m the foldase motif) do not form
complexes with LipA.(19) By contrast, we
showed, using co-purification and fluorescence-
based assays, that sLifyee 4 binds pre-active LipA.
Both protems were co-purified by affinity
chromatography and sLifyee, i the presence of
LipA yields an unfolding curve n nanoDSF very
similar to that of sLif n the presence of LipA but
shifted compared to the unfoldng curves of
sLifvoes and sLif. Dissociation constants
obtamed from fluorescence binding assay reveal
approximately 3-fold stronger binding of sLif
(Kp = 29 £ 9 nM) to pre-activated LipA than

sLifyeos. The overall affinity is in the range
previously reported for the complex from B.
glumae (Kp =5 nM) (10).

The combined analysis of time-resolved
fluorescence  anisotropy  and  polarization-
resolved FCS  wields parameters, rotational
correlation times and order parameters, that can
be used to mvestigate shape and local flexbility
of the fluorescently labelled protens.(20)

Here, we mitroduce a stochastic labeling
strategy of lysine residues by the anisotropy
sensor BDP FL, to obtain msights into protein
conformational flexibility and motions on the
smngle-molkecule level We showed that, withm
the resolution of our approach, the Y99A
mutation does not affect the shape and mobility
of free sLif (Fig. 3E, magenta and violet arrows).
In light of these results, we expected that the
mutation Y99A would not substantially alter the
mternal structure of sLif. This assumption was
strengthened by our observation that the melting
temperatures of the two protens measured by
nanoDSF were similar (48.1°C for sLif and
50.5°C for sLifyeen) (Fig. 3A). However, sLif
only contams a single fluorescent residuc
(W283) located in MD?2, such that onc cannot
exclude that the Y99A mutation in MD1 may
lead to structural changes that are not detected in
the distant MD2.

With this in mind, we aimed at solving
the 3D structures of sLif and sLifyee, by X-ray
crystallography. Unfortunately, probably due to
sLif’s dynamic behavior(7) all attempts have
failed. We thus resorted to solving the structures
of isolated P. aeruginosa MD1 and variant
MD1yg, using solution NMR spectroscopy (Fig.
4). The MD1 solution structure provides the first
experimental evidence that this domam adopts a
stable tertiary structure even in the absence of
LipA. The structure folds as a three o-helical
bundle, stabilized by hydrophobic and aromatic
residues (193, F97, F100, L116, 1120, L1335,
M136 and Y139) and s very simlar to the
structure of MD1 from the B. glumae LifLipA
complex (Fig. 4). Furthermore, structural
comparison of MD1 and MD 1y, revealed only
minor structural changes, excluding that domain
rearrangements or unfolding are the cause of the
nactivation effect that i mduced by the Y99A
mutation. As such, the structural data alone does
not allow to pmpomt the role of Y99 for LipA
activation.

In the X-ray structure of B. glumae
LifLipA complex,(10) residue Y91 (structurally
equivalent to Y99 in P. aeruginosa Lif)
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contributes only fittle (~110 A2 of solvent-
accessible surface area) to the overall interface
of ~5400 A’ formed between the two proteins,
which involves 65 Lif residues. Hence, it is not
unexpected that P. aeruginosa sLifyea forms a
complex with LipA, yet ako this mutation
decreases the affinity of sLif towards LipA,
which s confirmed by our fluorescence-based
assay and NMR observation (Fig. S7). Indeed,
we showed mn in vitro expermments where
ssolated MD1 or MDlyges compete with sLif for
LipA bmdmng that MDI1, but not MDlygga,
mhibits LipA activation (Fig. 2C). pFCS and
fluorescence anisotropy decay also highlight the
important difference m mechanics of sLif and
sLifvoos bound to LipA, where sLif appears to be
less mobile than m free form, while the local
mobility of sLifvess 18 mcreased compared to
sLif (Fig. 3E, orange and blue arrows).
Altogether, this mdicates that for the mutant
Y99A the MD1 domam does not, or only
weakly, mteract with LipA while the rest of sLif
still mteracts normally. Smee DSE cannot sense
effects n the MDI1 domain (no Trp), this
mterpretation is with all data. Importantly, the
increased flexibility of complexed sLifyoss could
also largely amplify the effect seen inthe CNA.

Chemically  denatured LipA, when
refolded in vitro, adopts a globular pre-active
conformation that shows a similar secondary
structure content, intrinsic tryptophan
fluorescence and susceptibility to proteolytic
degradation as the native and active form of
LipA(7, 14) This pre-active intermediate is
converted to active LipA by addition of Lif.
Apparently, structures of pre-active and native
LipA are very similar, however, it i still
unknown which structural changes m LipA are
caused by Lif during activation. By analyzing the
structures of native LipA from P. aeruginosa and
B. glumae(9, 10, 23) m different states, we
observed conformational differences m a region
close to the active site formed by residues 17-30
in lipases of P. aeruginosa and B. ghimae. These
residues are mvolved m the formation of a short,
two-stranded P-sheet accompanymng the opening
of the lid-like o-helix covermg the active site.
We thus hypothesize that Lif may mediate LipA
activation by promoting the formation of a short
B-sheet formed by residues 17-30.

We tested this hypothesis by molecular
smulations of sLif and sLifyees. CNA
perturbation  amalyses  of  conformational
ensembles generated by MD simulations starting
from the comparative model of P. aeruginosa

LifLipA complexes revealed that substitution
YO9A destabilizes residues 28-30 involved in the
formation of the short, two-stranded P-sheet in
LipA (Fig. 6). We ako identified a long-range
network of interactions involving residues 1-45,
197-202, 242-250 and 268-286 in LipA that span
from Y99 of Lif to the LipA B-sheet,; .5, adjacent
to the active site. We thus propose a mechanism
of LipA activation based on the formation and
stabilization of P-sheet;;a0 m LipA  through
mteractions with Lif. Such small structural
changes upon LipA activation are expected given
the previously observed smilarity of pre-active
and native LipA.(7, 14)

In summary, our study reveals an
mtricate role of Y99 of the MD1 domam of P.
aerugimosa Lif for LipA activation. Despite
almost no mfluence on the global MD1 structure
and weakly on sLif global binding to LipA, the
Y99A substitution hampers LipA activation, by
the disruption of the mechanics of Lif:LipA
complex. Molecular simulations suggest that, by
long-range network mteractions, Y99 supports
the formation of a key secondary structure
clement m LipA on the way from pre-active to
native LipA. Thus, our study for the first time
provides insights at the atomistic level as to a
potential mechanism of Lif-mediated pre-active-
to-native LipA folding. This finding might spark
further /1 vitro and in vivo studies to validate this
putative mechanism.

Experimental procedures

Cloning, protein production and
purification. The expression plsmid encoding
MD1 (pET-MD1) (Tab. S6) of Lif was created
by PCR uwsing Phusion DNA polymerase
(Thermo Fischer Scientific) m whole plasmid
amplification with mutagenic oligonucleotides
(Tab. S6) designed for SLIC method(27) and
pEHTHis19(28) plasmid as a template. For that
purpose, amino acids 1-65 i Lif were deleted
usig primers Lif dLinkVD fw and
Lif dLmkVD rv leaving the ammo acid
sequence MGHHHHHH before amino acid 166
of Lif. Subsequently, the sequence behind amino
acid L146 was removed with the same method
using the primers Lif backbone fw and
Lif MD1 rv. The expression plasmids pET-
MD1yea and  pET-sLifvees  respectively
encoding MD 1y, and sLifyees, the variants
with mutation of Y99 to alanine, were created by
whole  plasmid PCR  amplification  with
mutagenic oligonucleotide pair
Lif YOOA fw/Lif Y99A rv designed for SLIC
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method and pET-MD1 or pEHTHis 19 templates,
respectively. sLif, sLifygon, MD1 and MD1ygq s
were expressed in E. coli BL21 (DE3) using
respective  expression plasmids as described
previously.(28)  For NMR  studies, LB
medium(29) was replaced by M9 media
supplemented with *C-glucose and *NH,Cl as
sole carbon and nitrogen sources, respectively.

sLif, sLifyoes., MD1 and MDlygoa
variants carrymg N-termmal Hiss-tag were
purified by  mmobilized metal  affmity
chromatography using N+NTA resms (Qiagen)
according to a protocol of Hausmamn et al
(2008).(28) Purified protems were transferred to
20 mM sodium phosphate buffer (pH 7.4) by
using PD10 column and concentrated to 500-
1000 pM by wusing ultrafiltration device
(Vivaspin) with a membrane of 5 kDa pore size.
Protease mhibitor cocktall (0.1 x) (Sigma
Aldrich) and 3 mM NaN, were added to the final
samples mn order to ensure protein stability
durmg long-term NMR experiments.

Resonance assignment and structure
calculation. NMR experiments were performed
on Bruker Avance III HD' spectrometers
operating either at 600 or 700 MHz both
equipped with 5 mm mverse detection triple-
resonance z-gradient cryogenic probes. Data was
collected at 30°C with sample concentrations
between 450 and 900 M in 20 mM sodium
phosphate buffer pH 7.4 containing 10% (v/v)
D,0, 0.01% sodum azide and 100 pM 4.4-
dimethyl-4-silapentanesulfonic  acid (DSS). All
NMR spectra were processed with TOPSPIN 3.5
(Bruker BioSpin). DSS was used as a chemical
shift standard and *C and "N data were
referenced using frequency ratios as previously
described(30).

For the resonance assignment of MD1
and MDlygos, N- and BC-edited HSQC
(heteronuclear smgle-quantum coherence) and
three-dimensional HNCO, HN(CA)CO,
HN(CO)CACB and HNCACR experiments were
performed to obtain the chemical shift
assignments of the backbone atoms. Three-
dimensional “N- and C-NOESY-HSQC and
(H)CCH-TOCSY, spectra were used for side-
chain resonance assignment and NOE (nuclear
Overhauser  effect) measurements  using
acquisition parameters listed in tables S2 and S3.

After assignment completion,
CYANA2.1(37) was used to analyze the peak
data from the NOESY spectra m a semi
automated tterative manner. We used CARA
1.9.24a(32) to automatically gencrate the NOE

co-ordinates and intensities. The iput data
consisted of the amino acid sequence (to which
we removed the histidine tag due to the lack of
constraints), assigned chemical shift list, peak
volume list and backbone dihedral angles (@ and
YY) derived from TALOS+ server(33) or with the
CYANA script GridSearch.(31) The
unambiguous NOEs assigned to a given pamr of
protons were converted mto the upper hmits by
CYANA2.1.(31) No stereospecific assignments
were mtroduced mitially. In the final steps, 12
and 21 pairs of stereospecific restraints were
mtroduced by CYANA2.1(31) for MD1 and
MD1ygg 4, respectively.

The 20 conformers with the lowest final
CY ANA target function values were subjected to
restrained energy-mmimization as described n
Pimenta et al. (2013)(34) with the AMBERI14
software package using the {f14SB force
field.(35) The structures were placed i an
octahedral periodic box of TIP3P water
molecules. (360) The restrained energy
minimization was then performed in three stages.
First, the solute atoms were kept fixed with
harmonic positional restramts with a force
constant of 500 kcal mol'! A? to relax the
solvent molecules. Subsequently, the entire
system was relaxed after restramt removal
During the last stage, 1500 steps of NMR-
restrained energy minimization were applied
with a combmation of steepest descent
minimization followed by conjugate gradient
minimization. A parabolic penalty function was
used for the NOE upper distance restraints with a
force constant of 20 keal mol? A2, Finally, the
geometric quality of the refined structures was
analyzed with the Protein Structure Validation
Software suite (version 1.5).(37) Statistics for the
NMR solution structures of MD1 and MD1yooa
are given m table 1. The structural coordmates
were deposited m the Protein Data Bank (PDB)
under the accession codes SOVM and 6GSF and
the NMR data was deposited m the Biological
Magnetic Resonance Data Bank (BMRB) under
the accession numbers 34175 and 34286 for
MD1 and MD 1y 5, respectively.

MDI and MDI yoos backbone dynamics.
To gam insight mto the backbone dynamics of
MD1 and MD 1y, in the solution we measured
the relaxation parameters R;, R, and {H}-**N-
NOE (HetNOE) for both protems at 35°C. We
used *N-labelled samples at a concentration of
650 and 600 puM for MDI1 and MDlygg,,
respectively. The solutions were prepared either
mn Tris-Glycme buffer pH 9 contaming 10%
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(vv) D0, 0.01% sodium azide and 100 pM
DSS or in 20 mM sodium phosphate buffer pH
7.4 containing 10% (viv) D,0, 0.01% sodum
azide and 100 pM DSS for MD1 and MD1ygg s,
respectively. All data were collected in a Bruker
Avance [II HD* 600 MHz spectrometer.
Backbone relaxation rates, R, and R, were
determmed by acquirmg pseudo-3D  spectra
consisting of a series of 2D heteronuclear 'H-
N-HSQC experiments were the relaxation
period varied. For the *N longitudmal relaxation
rates (K;), 12 time points were collected (0.02s,
0.06s, 0.1s, 0.2s, 0.4s, 0.5s, 0.6s, 0.7s, 0.8s, 1.2,
1.5s and 2s). The spectra were acquired with
2048 points in 'H indirect dimension and 128
ponts in the N direct dimension and 8 scans.
The spectral width was 7183.9 Hz in the 'H
dimension and 1943.8Hz m the "N dimension
and the relaxation delay was 1.5s. The central
frequency for proton was set on the solvent
signal (2812.9 Hz) and for nitrogen was set on
the center of the amide region (7535.96 Hz). For
the N transverse relaxation rate (R;) 12 time
points were collected (0.02s, 0.03s, 0.04s, 0.06s,
0.08s, 0.1s, 0.12s, 0.14s, 0.16s, 0.2s, 0.24s and
0.28s). The spectra were acquired in the same
conditions as the above. The {'H}-N-NOE
steady-state NOE experiments were recorded
with a relaxation delay of 10 s, with § transients
in a matrix with 2048 data points in F2 and 256
increments in F1, in an interleaved manner, with
alternating proton-pre-saturated and non-pre-
saturated spectra. All data was processed with
TopSpin 3.5 (Bruker BioSpin) and analyzed with
CARA 1.9.24a(32) and Relax 4.0.3.(38)

MDI and MDI yoq interaction with LipA.
To investigate the effects of the mutation on the
mteraction with LipA, we followed the backbone
signal intensity in 'H">N-HSQC spectra of 120
uM BN-labeled MD1 or MDlyegs in the
presence and absence of 400 uM (unlabeled)
LipA. All data was acquired at 10°C, processed
and analyzed with TopSpm 3.5 (Bruker
BioSpm). Samples were prepared m  Tris-
Glycine buffer pH 9 contammg 10% (v/v) D,0,
0.01% sodium azide and 100 uM DSS.

In vitro activation of LipA with Lif.
LipA, comprising residues S26-1.311 without
any affinity tag, was expressed in . coli (BL21)
DE3 using the plasmid pLipA-SS.(28) Cells
expressing msoluble inclusion bodies of LipA
were suspended in Tris-HCl buffer (100 mM, pH
7) containing 5 mM EDTA and 1 mM TCEP and
disrupted by a French press. LipA inclusion

bodies were collected by centrifugation at 10,000
g for 10 min and suspended in the same buffer.
Centrifugation and wash steps were repeated
three times to obtain purified LipA nclusion
bodics. These were solubilized with Tris-HCI
buffer containing 8 M urea at 37°C for 1 h and
remaining insoluble material was removed by
centrifugation at 10000 g for 10 mm.
Solubilized LipA was refolded by dilution with
the TG buffer (5 mM glyemne, 5 mM Tris, pH 9)
contammg an equmolar amount of sLif and was
mcubated overnight at 4°C.

Lipase activity assay. The activity of
LipA was spectrophotometrically monitored by
the release of p-mtrophenolate from the standard
lipase substrate p-nitrophenyl palmitate (pNFP, 1
mM) m 10 mM TG buffer contaming 1 mM
CaCL.(1)

Inhibition of LipA activation. LipA (50
nM) was incubated with MD 1 or MD 1yg94 (0.2 —
1.0 uM) for 1 h at room temperature m a glass-
coated 96-well microtiter plate (MTP) followed
by addition of sLif (50 nM). After agitating for
10 min at room temperature, pNPP lipase
substrate (100 pl) was added to 100 pl. of
activated LipA n MTP and lipase activity was
determmed.

Co-purification assays. In vitroLif-LipA
interaction studics were performed uwsing sLif
and sLifyees variants carrying N-terminal Hiss-
tags for immobilization onto N+NTA resins.
First, the complexes of LipA (4 M) with sLif (4
M) or sLifyees (4 M) were formed in Tris-HC1
buffer (10 mM Tris-HCL pH 9) by incubation
overnight at 4°C followed by loading onto a Ni-
NTA column and exhaustively washing with
Tris-HCI buffer (10 mM, pH 9). The proteins
bound to the column were eluted with Tris buffer
(10mM, pH 9) containing 500 mM imidazole.
Elution fractions were analyzed by sodium
dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) under denaturation
conditions on 16 % (w/v) gek(39) followed by
staining with Coomassie Brilliant Blue G250.

Protein  stability  determination by
differential scanning fluorimetry. LipA (2 uM)
was mcubated with sLif (2 M), sLifyveoa (2 M),
MD1 (2 uM) or MD1yge, (2 pM) overnight at
4°C m TG buffer. The protem samples loaded
mto the measurmg capillaries (Prometheus
NT.Plex nanoDSF Grade Standard Capillary
Chips) were heated from 15°C to 95°C (heating
rate of 0.2°C/mm) and the mtrmsic protein
fluorescence was recorded at 330 nm and
350 nm using the Prometheus NT.Plex nanoDSF
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device (Nano Temper, Munich, Germany). The
ratio of Fysonm and Fyypn, and its first derivative
were calculated by the PR.ThermControl
software provided by the company.

Model building of the P. aeruginosa
Lif:LipA  complex. The three-dimensional
structure of P. aeruginosa Lif is currently
unknown. Thus, a homology model of the P.
aeruginosa sLiIFLipA complex was constructed

using the structure of the B. glumae
Iipase-foldase complex (PDB code 2ES4) as a
template (sequence identity/similarity:

39%/52%) for Lif and 41%/73% for LipA). The
Phyre2 web server(40) was used for homology
modeling. The model obtamed was ecnergy
mmnimized with the GROMOS96 43B1 force
field as mmplemented in Swiss-PdbViewer.(41)
After ten rounds of energy minimization, the C,
atoms of the models were superimposed on the
template structure and the model with the lowest
RMSD was taken for further studies. The model
obtained was evaluated by using our in-house
model quality assessment program
TopScore.(24, 25) The correctness of the model
i measured as the predicted global and local
IDDT score(42) compared to the native structure.
The IDDT score compares all mtra-molecular
heavy-atom distances withm two structures and,
thus, is superposition-free. Two models are
considered entirely different if all distances
deviate by more than 4 A and completely
identical if all distances deviate by less than 0.5
A. Since the native structure i unknown, the
score is predicted by a deep neural network
which uses multiple sources of information as
input. These include knowledge-based angle,
distance and contact potentiak, assessment of
residue stereochemsstry and atom clashes, model
clustering and agreement between features
predicted from the sequence and measured in the
model, such as secondary structure, solvent
accessibility and residue contacts. The deep
neural network was tramed on a large data-set of
660 protein targets totaling over 1.33 x 10°
models and over 1.9 x 107 residues. The P.
aeruginosa and B. glumae lipasefoldase
complex structures show structural conservation
of functionally important residues (Fig. S1), as
for example the foldase motif residues
RXXFDY(F/C)L(S/T)A, X represents any
amino acid) mportant for lipase activation(19)
and R343 related to the specificity of B. glumae
foldase to bind its cognate lipase.(10) To validate
our complex model, we mapped all conserved
ammo acids to the structures and found all of

10

them at the mterface of LipA and Lif, as
expected.

Molecular dynamics simulations. The
refined model of P. aeruginosa sLifLipA
complex was used as input structure for MD
simulations. Alkatom MD simulations were
performed with the Amber 11 software
package(43) usmg the ff99SB force ficld(44) as
described i Cigla er al (2013).(45) The
sLifLipA complex was placed n an octahedral
periodic box of TIP3P water molecules(36) such
that the smallest distance between the edges of
the box and the closest solute atom s 11 A. The
SHAKE algorithm(45) was applied to constram
bond lengths of hydrogen atoms and long-range
clectrostatic mteractions were taken mto account
using the Particle Mesh Ewald method.(46) The
time step was set to 2 fs with a non-bonded cut-
off of 8 A. The starting structures were first
energy minimized by applying 50 steps of
steepest descent mmimization, followed by 450
steps of conjugate gradient minimization. During
the minmization, the solute atoms were
restrained  applying  decreasing  harmonic
potentials, with a force constant of 25 kcal mol*
A2 initially, reduced to 5 keal mot! A2 in the last
round. For thermalization, the systems were
heated from 100 K to 300 K m 50 ps of
canonical (NVT)-MD  simulations applying
harmonic potentials with a force constant of 5
kecal mol® A2 on the solute atoms. Afterwards,
MD  simulations of 250 ps length were
performed in the isothermal-isobaric ensemble
(NPT) with the same harmonic potentials to
adjust the density of the simulation box. Finally,
the force constant of the harmonic restraints was
reduced to zero during 100 ps of MD simulations
in the NVT ensemble. For production, ten
independent, unbiased MD simulations of 1.5 ps
length were performed, totalng 15 ps of
production runs. To ensure mdependence,
production runs were carried out at temperatures
of 300.0 K + T, where T was varied from 0.0 to
0.9 for each run, respectively.

Constraint network analysis (CNA). To
detect changes i sLifLipA rigidity and
flexibility upon Y99A mutation in P. aeruginosa
Lif, we analyzed an ensemble of snapshots of
sLif-bound LipA m terms of a perturbation
approach(26) m a similar way as done by Mili¢
et al.(25) In short, first, an ensemble of 7.500
constramt network topologies was generated
from MD snapshots of the protems sampled at 2
ns mtervals from the 10 MD smmulations of the
sLifLipA complex (see above). Second, altered
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bimolecular stability due to the sLifyee, mutation
i quantified in terms of a per-residue
decomposition of the perturbation free energy

AGicna, Tfollowing a  limear  response
approximation (eq. 1).
AG; ena = “((Efgﬁt:rbm) = <E55§K"d>) eq. 1

Parameter o has been generally determined
empirically and was set to 0.02 as n Pfleger er
al(26) AG;cna was computed based on rigidity
analyses performed with the CNA software
package(26) on ensembles of network topologics
of the ground (sLif) and perturbed (sLifyees)
states. Upon perturbation, about 19% of the
residues in sLif and 22% of the residues in LipA
show altered stability characteristic according to
AG;cna values > 0.1 keal mol?.

Fhiorescence labelling of Lif. Purified

protems sLif, sLifyee,, MD1 and MD 1y, were
transferred to 50 mM sodium phosphate buffer
(pH 7.4) and concentration was adjusted to 70
uM. To label amino groups, Bodipy FL. NHS
ester (BDP FL; Lumiprobe), was dissolved n
DMSO and added to the protein m 1:10 molar
ratio to ensure labeling of single dye per protein
molecule  (obtained  degree of labeling
approximately 5%). Free dye was removed after
overnight mcubation at 4°C by buffer exchange
with Amicon Ultra-0.5 ml. 10K centrifugal
filters (Merck-Milipore).
Fluorescence measurements and data analysis.
Steady-state fluorescence anisotropy eady-state
and average translational diffusion time <4, us>
were measured m the droplets on a cover-slide
for 20 seconds to avoid changes of LipA
concentrations due to protein adsorption. The
concentrations of the labeled proteins were i the
range of 1.2 £ 0.1 nM. The fluorescence signal
was recorded on a custom-built confocal
microscope(47)  with  polarization-resolved
detection with parallel- and perpendicular-
polarized channels, Fi(7) and F(f). Ansotropy
was calculated using equation:

Tsteady-state — Fp - Gf Fs/FivJ at Gf' 2F; €q.
2

where Gy is the detection efficiency ratio
between paralle]l and perpendicular channel.

The average translational diffusion time i was
calculated usmg Software Package for Muli
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parameter Fluorescence Spectroscopy, Full
Correlation and Multi-parameter Fluorescence
Imaging.(48) Correlation curves G(f.) were
approximated with  3-dimensional Gaussian
diffusion model with 2 photophysical bunching
terms:

1
o= (trgisy) (148 i) T

(1 —b, + bjetet1 — b, + b te/trz)

eq.3

Here, the observation volume is approximated by
a 3D-Gaussian volume with 1/e* radii in the
lateral (wg) and axial direction (zp), with the
particle number &, <#.,> is the apparent average
translational diffusion time for the free and
complexed sLif and MD1 variants, respectively,
by, and f,,,, are amplitudes and times of the
bunchmg terms.

The fraction of the complex Xcompiex Was obtained
from the linear combination of the fluorescence
parameters of free sLif-BDP FL and of sLif-BDP
FL i presence of =10 pM of LipA, assigned to
be associated with Lif-LipA complex.
Polarization-resolved full fluorescence
correlation spectroscopy was performed with a
confocal laser scanning microscope (FV1000,
Olympus, Germany) equipped with a sngle
photon counting device with picosecond tmme-
resolution (4 detectors, PD5SCTC, Micro Photon
Devices, Bolzano, Italy; counting electronics,
HydraHarp400, PicoQuant, Berlin, Germany) at
23.5 £ 0.5°C. The sampk was excited by the
continuous wave parked beam at 488 nm and the
fluorescence F was collected m s- and p-
polarized channels, () and F(f), respectively.
Full cross-correlation curves, G, (%) and G, (f.),
G, p(t) and G, (t), were obtained according to
Felekyan er al.(48) Data were processed as
previously described in Mockel ef al.(20)
Time-resolved fluorescence anisotropy decay
curves were recorded using a FluoTime300
fluorescence lifetime spectrometer (PicoQuant,
Berlin, Germany) equipped with a pulsed super
continuum laser SuperK Extreme (NKT
Photonics, Denmark) as a light source running at
15.61 MHz and a wavelength of 488 nm in a
temperature-stabilized cell at 20.0 + 0.1°C. The
fluorescence and anisotropy decays were
recovered by global fitting of the sum
(Fyt)tF(t)) and difference (Fy(t.)-Ft))
curves as previously described (eq. S2a, b).(20)
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In vitro binding of LipA and flhiorescently
labelled sLif.

Labelled sLif/ sLifygsa —~BDP FL (1.2 + 0.1 nM
of BFL, total concentration c?;; ¢ approximately
24 nM) ) was incubated overnight at 4°C with
various concentrations of LipA (0 — 50 pM) n
10 mM glycine buffer (10 mM, pH 9) m protein
low bmnding tubes (Sarstedt AG). Equilibrium
dissociation constant Kp was fitted usmg 1:1
binding model:

Xeomplex — 78

1 (KD Ot Rips

Corif 2
Rp+chirt Caps 2 0 0
> — Csrif ' CLipa €q.
4

whete Xeomplex 18 a fraction of Lif in complex with
LipA, KD is a dissociation constant and ¢J; rand
C,?ip 4are the total concentrations of sLif and
LipA.
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Table 1: Statistics for the NMR structures of MD1 and MD1+vqq,.
NMR distance and dihedral cons traints

Distance constrauins

Total distance restraints from NOEs

Short-range (ji—j=1)
Medium-range (Ji—j<3)
Long-range ([i~j:5)

Totul dikedral restraintsy
Structure statistics
Violations (mean)

Distance constraints (A)
Dihedral angle constraints (A)
CYANA torget functions, A

Average pairwise rasd for residies 10-83

Backbone atoms

Heavy atoms
Ruamuschandruet’s plot analysis
Most favored regions
Additionally allowed regions
Generously allowed regions
Disallowed regions

VLD

EHD
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MD1

964
676
199
89

104

0.0042+0.0015
0.3001+0.1139
0.70+0.08

1.45+0.22
1.84+0.16

93.0%
7.0%
0.0%
0.0%

El46

MD1ygas

1062
694
264
104
219

0.0055+0.0013
0.2688+0.0779
1.02+0.15

1.37+).26
1.88+0.22

90.4%
6.7%
23%
0.0%

G266 P340

Figure 1. Schematic representation of P. ceruginose Lif and its complex with lipase LipA. (A) Five-
domain organization of Lif and (B) Lif-LipA complex. The catalytic folding domain (CFD) self-
sufficient for activation of LipA in vitro comprises MDI, EHD and MD2. Residues defining the
beginning and the end of each domain are indicated in (A).
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Figure 2. Activation of P. aeruginosa lipase LipA with sLif and variant sLifyes, and effect of MD1.
(A) Pre-active LipA (4 LM) was incubated with either sLif (4 pM) or variant sLifyeg, (4 puM) followed
by hpase activity assay with 10 nM LipA. The activity of sLif:LipA complex was set as 100%. (B)
SDS-PAGE analysis of LipA co-putified in the complex with sLif or sLifyeo, as well as without Lif
{w/o Lif). In the Coomassie Brilliant Blue G250 stained gel LipA is migrating as ~30 kDa and sLif as
43 kDa protein. Molecular weights of standard proteins (St) are indicated on the left-hand side. (C)
Inhibition of sLif-mediated LipA activation with MD1. Pre-active LipA (50 nM) incubated with MD1
or MD1yg, was activated by addition of sLif (50 nM) and 10 min incubation prior to lipase activity
measurement. Lipase activities are mean values + standard deviation of three independent experiments
each measured with at least three samples. (D) A fluorescence assay was used to study the complex
formation of pre-active LipA and sLiffsLif, ., labelled at amino groups with BDP FL. The fraction of
fluorescence parameters assigned to the sLifLipA complex (steady-state anisotropy r dystate (eq. 2,
Tab. S1) and average translational diffusion time <...» (eq. 3, Tab. S2).The binding data were fitted
with a 1:1 binding affinity model (eq, 4), black line. The uncertainties are indicated as shaded areas.
Steady-state anisotropy could not be used for sLif_, LipA complex because ncreased mobility of the
fluorescent probe cancels the increase of global rotation correlation time Patoba’ The apparent
dissociation constant K (right panel) was determined to 29 nM + 9 nM for sLif:.LipA and 77 nM + 24

oM for sLif,_,:LipA complex (error bars are standard errors of the fit).
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Figure 3. Effect of temperature on unfolding and activity of LipA in complex with sLif and variant
sLifvoos. (A) Melting curves of sLif, sLifyees, pre-active LipA alone and after incubation with sLif,
sLifyoos, MD1 and MDlye, obtained by fluorescence measurement with nanoDSF, Green dashed
lines indicate melting temperatures of LipA m complex with sLif and sLifyee,. blue dashed lines
ndicate melting temperatures of sLif and sLifyoos and the melting temperature of pre-active LipA is
indicated with the orange dashed line. (B) Temperature-dependent lipase activity n a solution of sLif
and LipA generated by incubation of pre-active LipA (100 nM) with sLif (250 nM) overnight at 4°C
in TG buffer. Samples were then ncubated at different temperatures (10 — 50°C) for 1 h followed by
measurement of the remaining lipase activity with 2 nM LipA. (C) Time-resolved fluorcscence

anisotropy decay curves r(¢) of fre and complex sLif and sLif_ . Open circles indicate experimental

r(t) and lines indicate model r{r) (eq. S2b, results see Tab. S4), dashed lines indicate complex.
Further details sce mam text. (D) Polarization-resolved full-FCS of labelled sLif using the p-p cross-
correlation curves Gp,p(‘}) normalised to the number of molecules in focal volume (eq. S3) together
with weighted residuals of the fits (upper plot, eq. S4, results in Tab. S5). The global rotation
correlation time Petobal of sLif is similar to the one obtained by anisotropy measurement (33 ns,

indicated by vertical ling). The global rotation correlation times of sLif:LipA and sLingg A:LipA are

similar (50 ns, vertical line). (E) Joint analysis of the anisotropy order parameters (solid lines, see
shaded area i C) and normalized pFCS amplitudes (dashed lines, see shaded area in D) by displaying
the model functions of the fits. The global rotational correlation times are depicted as vertical lines.
The corresponding amplifudes are highlighted by arrows. Further defails see main text.
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Figure 4. Details of MD1 and variant MD1ygy, structures obtained by NMR spectroscopy. (A)
Cartoon representations of the structure ensemble of the 20 best soltion structures of MD 1 and (B)
MD lyggy variant. (C) Comparison of the representative NMR sohition structures of MD1 (cyan) and
MD 1ygg, (purple) with the crystal structure of MD | from B. glumae (green) (PDB code 2ES4(10)).
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Figure 5. NMR-based structural comparison of MD1 and MD1ygs. (A) 'H-"N-HSCQ spectra of
MD1 (black) and MD 1y, (red). Labels correspond to the most affected residues due to the mutation.
{B) Chemical shift perturbations induced by the mutation along the MD1 sequence and (C) mapped on
the MD1 stmucture (purple, ntation site highlighted). (D) Comparison of °C secondary chemical
shifts of MD1 (black) and MD1yy, (red). Positive/megative valies indicate o-helical/f-strand
secondary structure. Random coil values should be zero. (E) Inter-residue distance restraints from

NOEs for MD1 (black) and MD lyggs (Ted).
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Figure 6. Influence of mutation YOOA i Lif on the structural stabilty of LipA. (A) Structure of P.
aeruginosa LipA with OCP inhibitor bound in the active site crystallized in the open conformation
(PDB code 1EX9(23)), in which the helix a3 (salmon) is moved away from the active site (catalytic
triad residues S82, H251 and D229 shown i green). In this conformation, the active site is accessible
for the substrate and LipA is enzymatically active. A short two-stranded B-sheet close to the active site
is formed by residues 17-30 (red). (B) B. glumae lipase from the crystal structure of the LifLipA
complex (PDB code 2ES4(10)). The lipase shows a two-stranded B-sheet (red), a characteristic feature
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of the open (active) conformation, nevertheless helix o3 (salmon) adopts a closed (inactive)
conformation. This suggests a foldase-induced formation of a two-stranded B-sheet during activation
of the lipase. (C) Crystal structure of B. glumae lipase crystallized in the closed conformation (PDB
code 1QGE(49)) with helix a5 (salmon) covering the active site (residues as in panel A). In this
conformation, a two-stranded B-shect close to the active site is not formed. Residues 17-30 of B.
glumae lipase, forming a two-stranded B-sheet, are indicated red. (D) Crystal structure of active P.
aeruginosa LipA with mhibitor OCP bound in the active site (PDB code 1EX9). Region of residues
17-30 forms part of the active site (red), required for the bindmng of the ligand. (E) Homology model of
the P. aeruginosa LiIfLipA complex based on the structure of the B. glumae foldase-lipase complex
(PDB code 2ES4(10)) used as a template. The colormg mdicates the model quality assessment by
TopScore (24, 23) with bluish colors representing less than 10 % structural error. (F) CNA was
applied on an ensemble of structures of the LifLipA complkx generated from 10 mdependent MD
simulations. Residues with AG; zxa above a threshold of 0.1 kecal mol® are depicted as spheres on the
Lif:LipA complex structure. Blue colors reflect predicted AG;cya values; the larger the value, the
darker i the color. The black arrow indicates how the perturbation by Y99A mutation of Lif (pmk,
ball-and-stick representation) mfluences residues n LipA. Due to the decrease mn the stability of the
surrounding region of residues 17-30 m LipA, we speculate that the conformational changes required
for the mtermediate state of LipA on the way of activation s hampered upon Lifyees mutation. The
color code for helix o3, residues 17-30 and the active site is as in panel A. (G) The histogram shows
the per-residue AG;cna for LipA. The dashed line at 0.1 kcal mol? indicates the threshold above
which residues are considered perturbed. The standard error of the mean is < 0.05 kcal mol® for all
residues. (H) Per-residue AG;cna shown for Lif, with the same threshold. The standard error of the

meanis < 0.05 kcal mol! for all residues.
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Figure 52 | SDS-PAGE analysss of purified 7. aeruginosa MD1 and MD 1ye9, used for solution NMR
analysis.

Figure S3 | Melting curves of MD 1, MD lysoa, pre-active LipA alone and after mcubation with MD1 and
MD 1ysga
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Figure S6 | Time-resolved fluorescence ansotropy decay fits of sLif and sLifyoos

Figure 87 | N backbone relaxation data R;, R; and heteronuclear {!H}-**N NOE (HetNOE)

Figure S8 | 'H-'"N HSQC spectra of isotope labelled variants of MD1 i the absence (black) and
presence of 3-fold molar excess of unlabeled LipA.
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Figure S1 Sequence alignment of foldases from B. glumae and P. aeruginosa. BgLif and PaL.if
share 39% identical and 52% similar amino acids, shown on a black and gray background,
respectively. Sequence similarity of P. aeruginosa and B. glumae TMD, VLD, MDI, EHD and MD2
is 31%, 44%, 52%, 46% and 48%, respectively. The red bars undemeath the alignment indicate o-
helices of the experimentally determined Bglif structure. The conserved RxxFDY(F/C)L(S/T)A
foldase motif is indicated with a green frame. Numbers in front of the sequences indicate amino acid

positions in the sequences.

kDa

170
130

95
72

55
43

34
26

15

10

L

St MD1 MD1,.,

Figure 82 SDS-PAGE analysis of purified P. aeruginosa MD1 and MD1 s used for solution
NMR analysis. The gel (16 %) was stained with Coomassie Brilliant Blue G250. Molecular weights
of standard proteins (St) are indicated on the lefi-hand side.
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Figure 83 Melting curves of MD1, MD 1y, pre-active LipA alone and after incubation with MD 1
and MD1yys, obtamned by fluorescence measwement with nanoDSF. Vertical dashed lines indicate
melting temperatures of LipA not affected significantly by incubation with MD 1 or MD1yggy.
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Figure S4 Steady-state fluorescence anisotropy Fswadystare titration of sLif, sLifyges, MD1 and
MD 1ygs, labelled with BDP FL. NHS ester with different concentrations of LipA. Gray bar indicates
average steady-state anisotropy + the standard deviation. Steady-state anisotropy i a good marker of
sLif binding to LipA. However in case of sLifyges, MD1 and MD1ygg, there i no observable change
in this parameter at LipA concentrations of up to 10 pM. Steady-state anisotropy is a product of

fluorescence decay and fluorescence anisotropy decay Tsteady—state =

IOOOF(tC)T(tC}dtC /fowF(tc}dtc, which is sensitive ia. to the dye flexibiliy and size of the rotating
molecule. Stable steady-state anisotropy marks the lack of formation of complex between labelled
molecules and LipA or change in other parameters inflnencing rycagy-state-
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Figure S5. Interaction of fluorescently labeled MD1 (A) and MD1yesa (B) with LipA: condition
#1 - 0.1 uM MD UMD lygs,; condition #2 - 0.1 mM MD I/MD lyeos (NMR conditions); and condition
#3 - 0.1mM MD1/MD1ye, and 0.4 mM LipA (NMR conditions). Jomnt time-resolved fluorescence
amsotropy decay fits (sum and difference: (Fauulf) = Fl&), Fadt:) = F(&) - 1(t)). Fit parameters are
collected m supplementary Table S3. MD1 and MD 1y, show similar hydrodynamic properties and
both experience slower rotation at 0.1 mM concentrations (condition #2), which canbe explained by
mereased viscosity (factor 1.2 compared to condition #1). Assuming global rotational correlation time
of MD1LipA complex of pgona =32 ns, a fit of fluorescence ansotropy decay requires approx. 20% of
such complex fraction in case of both MD1 and MDlyegs in presence of 0.4 mM LipA (condition #3).
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Figure S6 Time-resolved fluorescence anisotropy decay fits (sum and difference fit: Fonlt) = F (),
Fadt) = F(t) - #(t,)) of sLif and sLifyee, Iabelled with BDP FL NHS ester in absence and presence of
40 pM sLipA. Amplitude of global rotational correlation time (r3) is similar for sLif and sLifLipA
complex, while global rotational correlation time ps changest from approx. 33 ns to 50 ns. In case of
sLifyoos p3 shows similar behaviour but amplitude of global rotation () decreases significantly from
0.10 to 0.06. Fit parameters are collected n Table S4.
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Figure S7 SN backbone relaxation data R;, R; and heteronuclear {H}-*N NOE (HetNOE)
measured for MD1 (red) and MD1yes (grey) are shown in A, B, C, respectively. Secondary structure
clements are illustrated on top of the figure. Data was acquired using "*N-labelled samples at a
concentration of 650 and 600 pM for MD1 and MDlyeq,, respectively. The solutions were prepared
either n Tris-Glycine buffer pH 9 containing 10% (v/v) D,0, 0.01% sodium azide and 100 pM DSS
or in 20 mM sodium phosphate buffer pH 7.4 containing 10% (v/v) D,0O, 0.01% sodium azide and 100
pM DSS for MD1 and MD1yo4, respectively. All data were collected in a Bruker Avance III HD* 600
MHz spectrometer, at 35°C.
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LipA. Overall, our data, therefore, do not allow to map the binding interface reliably.

Supplementary Tables

Table 51 Steady-state fluorescence aniSOTOPY ¥ ..y o1 A0 associated fraction of complex Xooupie

of sLif labelled with BDP FL NHS ester with LipA at different concentrations of LipA.

LipA [pM] Fss  Xeompler LipA [pM] Fss  Xoomplex
0.000 0.101 0.084 0.002 0.108 0.348
0.000 0.097  -0023 0.002 0.105 0.252
0.000 0.096  -0.062 0.005 0.107 0.329
0.001 0.105 0.257 0.015 0.106 0.272
0.002 0.0908 0.011 0.044 0.116 0.630
0.004 0.117 0.666 0.13 0.121 0.818
0.008 0.097  -0.048 0.40 0.129 1.085
0.016 0.107 0.309 1.20 0.120 0.756
0.032 0.105 0.245 3.59 0.126 0.996
0.063 0.114 0.542 0.002 0.106 0.279

0.13 0.115 0.588 0.005 0.105 0.259
025 0.123 0.860 0.015 0.103 0.171
0.50 0.128 1.039 0.044 0.113 0.530
101 0.122 0.855 0.13 0.120 0.785
202 0.133 1228 0.40 0.124 0.919
404 0.122 0.829 1.20 0.126 0.984
8.08 0.126 0.99% 3.59 0.134 1.272
0.002 0.100 0.054 10.8 0.122 0.839
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Table 82 Average translational diffusion time ..o (eq. 3) and associated fraction of complex

Xeomplex Of 8Lifyo04 labelled with BDP FLL NHS ester with LipA at different concentrations of LipA.

Zcomplex
Lol <th;.;> oot TS [0 <th:1;> —
00016 075 0219 12 092 108
0.0016 073 0102 36 084 0678
0.0049 072 0.097 108 093 1115
0.015 065 029 323 087 0832
0.044 081 0542 0.0005 072 0031
013 080 0491 0.0005 074 013
0.40 095 1227 0.0005 071 0006
12 091 1.032 0.0010 066  -0238
36 088 0890 0.0020 072 0082
108 091  1.029 0.0039 066  -0218
323 091 1041 0.0079 066  -0222
00016 075 0212 0016 077 0315
0.0049 077 0330 0032 069  -0082
0.015 070  -0.048 0.063 083  05%
0.044 082 0583 0126 085 0706
013 079 0427 0252 080 0474
0.40 086 0766 0.505 089 089

Table S3 Fluorescence anisotropy decay #(z) fit parameters from the model function given by eq.
S4b, of MD1 and MD1yee, labelled with BDP FL NHS ester, with different concentrations of
unlabelled MD1/MD1ye,, and LipA. Condition #1 - 0.1 uM MDI/MDlyees. Condition #2 - 0.1 mM
MD1/MDlyges (NMR conditions). Condition #3 - 0.1 mM MDI/MDlvyeesa and 04 mM LipA (NMR
conditions). MD1 and MD1ye, show similar hydrodynamic properties and both experience slower
rotation at 0.1 mM concentrations (condition #2), which canbe explained by increased viscosity
(factor 1.2 compared to condition #1). Assummg global rotational correlation time of MD1:LipA
complex of pyopa =32 ns, a fit of fluorescence anisotropy decay requires approx. 20% of such complex
fraction in case of both MD1 and MD 1y, i presence of 0.4 mM LipA (condition #3). Fits are shown

n Fig. S5.

Condition 1 p1[ns] 2 p2[ns] s p3lns] ra pa[ns] Fes "2

i #1 0178 78 0 0 0162
g #2 0.04 032 0.11 2.87 0178 92 0 0 0170 1.007

#3 0158 950 0.024 32¢ 0177

2 #1 0102 7.8 0 0 0129
2 #2 0.06 029 0.15 284 0102 Q5 0 0 0136 1.013

g #3 0.072 9.5b 0.039 32¢ 0.147

“Global rotational correlation time estimated with HYDROPRO software ¢ for MD1/MD1ysoa PDB code SOVM
at 20°C (viscosity 1.002 mPa<s).
5Global rotational correlation time of MD1/MDlyssa in presence of 0.1 mM unlabelled MD1/MD1ygoa (NMR
condition). Global rotation 18 approx. factor 1.2 slower, compared to sub-micromolar concentrations used for

fluorescence measurenmets in condition #1, because of larger viscosity

¢Global rotational correlation time of MD1/MDlyge4 n hypotheticalcomplex with LipA estimated with

HYDROPRO software ¢ for PDB code 2ES4 with bgLif replaced with MD1 (PDB code SOVM, 20°C, 1.002

mPas, Pglobat = 20 Ns) multiplied by factor 1.2,
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Table S$4 Fluorescence anisotropy decay r(f.) fit parameters.

A, sLif and sLifyee, labelled with BDP FL NHS ester, in absence and presence of 40 pM LipA.
Fluorescence decay F{(f.) model parameters from the model function given by eq. S4a.

sTif

+ LipA (40 uM)
sLifyooa

-+ LipA (40 uMD)

X1
0471
0.600
0.593
0.514

T1 [ns] x2
6.03 0.390
5.89 0277
6.02 0.300
592 0.365

Tz [ns] x3
367 0.090
343 0.76
3.80 0.060
3.80 0.072

T3 [ns]
1.16
0.78
1.28
1.29

a3
0.048
0.046
0.046
0.049

Ty [ns]
0.249
0.130
0.387
0.279

(s [ns]
456
455
481
4.54

(T)F [ns]
527
530
540
516

B. sLif and sLifyeea labelled with BDP FL, NHS ester, m absence and presence of 40 uM mM LipA.
Fluorescence anisotropy decay r(f;) model parameters from the model function given by eq. S4b.
Amplitude of global rotational correlation time (r3) 8 similar for sLif and sLifLipA complex, while
global rotational correlation time ps changest from approx. 33 ns to 50 ns. In case of sLifyeos ps shows
similar behaviour but ampltude of global rotation (7;) decreases significantly from 0.10 to 0.06. Fits
are shown i Figure 6.

sLif

+ LipA (40 uM)
sLifyoos

+ LipA (40 pdD)

"
013
012
013
015

o1 [ns]
021
0.20
0.2
0.20

0.09
0.07
0.09
0.09

P2 [ns]
1.72
1.48
1.89
142

3
012
0.14
010
0.08

P [ns]
33
50
33
50

Tss
0.129
0.148
0.116
0.101

%r 2
1.017
1.008
1.085
1.028

Table S5 pFCS fit parameters for sLif and sLifivea labeled with BDP FL from the model function
G(t.) given by eq. S2, common fit parameters for 3 samples mdicate a global optimization of these
parameters in a free fit. Fits are shown in Fig. 3D.

sLifl sLifLipA s Lifyooa:LipA

Parameters Gprp2(te)
%2 24.82 12.45 17.98
N 1.56 1.37 1.07
firans [s] 308 320 317
(z0/w0o) 107
b 0.136
i1 [1s] 837
b 0141
vz [us] 11.9
b 0112
i3 [1s] 1.4
a 0.955 0.930 0.882
ta[ns] 4.40
brot 0.520 0.639 0.509
Peiobal [18 ] 332 49.8 49.0
ey 0.0889
5% 0.3

# fixed spherical rotator parameters, Kask er al.
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Table S6 List ofused bacterial strains, plasmids and oligonucleotides.

Strain

Genotype

Reference

E. coliDH5a

E. coliBL21 (DE3)

F— ®80lacZAM15 A(lacZY A-argF) Ul69 recAl end Al
hsdR17 (tK—, mK+) pho A supE44 - thi-1 gyrA96 relAl
E. coliB dem ompT hsdS(rpmg’) gal, 2DE3

Hanahan (1983)

Studier et al.(1986)

4

Plasmid Features Reference
pLipA-SS pET22b (Ndel, BamHI, 916 bp; /ip4A 41-78 bp coding for Hausmann et al.
signal sequence, Ser1Met, under Pr; control), Amp" (2008) °
pEHTHis 19 pET19b (Ndel, BamHI, 985 bp; lipH A1-60bp coding for Hausmann et al.
TMD, substitution 84 bp His;o-tag and soluble linker, under (2008) ¢
P17 control), Amp*
pET-MD1 pET19b carrying the gene encoding MGH; sequence in the this work
front of MD1 (ammo acids 66-146)
PET-MD1ygo4 Y99A mutation inserted into pET-MD1 plasmid this work
pET-sLifyvooa Y99A mutation mserted mto pEHTHis 19 plasmid this work

Oligonucleotide

Sequence

Lif dLinkVD fw
Lif dLinkVD_rv
Lif YO9A fw
LipH_Y99 1v

LipH backbone fw
LipH MD1 rv

GGCCATCACCATCACCATCACCIGCCAACCTCCTTCAGGG
CAGGTGATGGTGATGGTGATGGCCCATGGTATATCTCC
ACATCCGCAACCTGTTCGACGCCTTCCTCAGCGCCGTCGGCG

GTCGAACAGGTTGCGGATGTICGC
TGACCGGCACGGAAACGC

TTTCCGTGCCGGTCACAGTTCCTTCTTGTAGTCGATG
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Table S7 Acquisition parameters of the spectra used for MD1 resonance assignment and

structure calculation.

Original publication II

Backbone assignment
2D

H.SN-HSQC
'H.*C-HSQC

3D

HNCO
HN(CA)CO
HN(CO)CACB
HNCACB*

Side chain assignment

(H)CCH-TOCSY

NOE measurement
3D-'H,N-NOESY-HSQC
(mix = 120 ms)
3D-'H,*C-NOESY-HSQC
(mix = 200 ms)

* This experiment was recorded using non-uniformly sampling (NUS) of NMR data with 20 %
sampling density. The NUS schedule was generated with the Poisson gap sampling method and the
spectrum was subsequently reconstructed using hmsIST ®” and processed with NMRpipe ©). All other

Spectral width Central frequency
Number of points
(ppm) (ppm)

F3 F2 F1 F3 F2 F1 F3 F2 F1
- 2048 256 - 12 30 - 4.695 1195
- 2048 512 - 2 75 - 4.695 39
2048 40 1280 12 36 22 4706 1195 176
2048 40 128 12 36 22 4706 1195 176
2048 40 128 12 36 75 4706 1195 39
2048 40 128 12 30 75 4695 1195 39
2048 o4 1280 12 75 75 4706 39 39
2048 40 120 12 30 12 40695 1195 4.695
2048 40 120 12 75 12 40695 39 4.695

spectra were processed with Topspin3.5 (Bruker BioSpin).

NS

64
64

16
16
128

16

32

32
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Original publication II

Table S8 Acquisition parameters of the spectra used for MD1ves resonance assignment and

structure calculation.

Spectral width Central frequency
Number of points
(ppm) (ppm)

Backbone assignment F3 F2 F1 F3 F2 F1 F3 F2 F1
2D
TH,¥N-HSQC - 2048 256 - 12 30 - 4.695 1195
'H,BC-HSQC - 2048 512 - 2 75 - 4.695 39
3D
HN(CA)CO 2048 40 128 12 30 22 4702 1195 176
HNCACB 2048 40 128 12 30 75 4697 1195 39
Side chain assignment
(H)CCH-TOCSY 2048 56 120 12 75 75 4697 39 39
NOE measurement
3D-'H,*N-NOESY-HSQC

. 2048 40 128 12 35 12 4702 1195 4.702
(mix = 250 ms)
3D-'H,*N-NOESY-HSQC

) 2048 40 128 12 30 12 4695 1195 4.095
(mix = 120 ms)
3D-'HPC-NOESY-HSQC

. 2048 40 128 12 75 12 4695 39 4.695
(mix = 200 ms)

NS

64
64

16

16

32

28

28

Supplementary Methods
Section S1. pFCS analysis

Polarization-resolved fluorescence correlation spectroscopy (pFCS), in which fluorescence intensity

fluctuations under constant excitation are measured, i also able to resolve molecular rotational

motion. Auto- and cross-correlations between different polarization channels were obtamed were

obtained according to Felekyan et al. ©

Gsl,sz (tc) =1+

(8F,{(D}6F pp(t+1.)}
= Zplh M pr T el
Gpl,pz (tc) 1+ <Fp1(f)>(Fp

{8F ((DSF H(t+t )}
(Fo1(ONF ()

2(t)}

(6F (D)6F,(t+t))
Gs’p (tc) =14 —" o

(F(OMF(0)
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(8F (D)6F (t+1.))
= ometp et O
Gps(t) =1+ e G
with the fluorescence fluctuations, F(f) = F(¥) - (£{¥)). The registered photon events were analyzed by
employing a custom designed software package for multiparameter fluorescence spectroscopy, full
correlation and multiparameter fluorescence mmaging *. The applied factorized fitting function (eq S4)
models translational diffusion m a 3D-Gaussian volume element Giyy,5(%.), up to three temporary dark

states G,(2.), rotational diffusion of a spherical rotator G,.(z.) and photon antibunching G.(z.):

1
G(tc) =1+ EGa (tc) X Gy (tc) X Grat(tc) X Gtrans(tc)

(82)
with
G () = (1 S )71 (1 & (ﬂ)z % )72 (S22)
trensiSie Lirans zy Lirans
Gp(t)=1—by + bjete/tot —p, + bye™t/ b2 — by + hyetel/Bs (S2b)
G (t)=1—aetelta S2¢
a [
Grot(tc) =1 brot (ﬁ Eitc/pglf’bal + :Cceitc/(sﬁgl”bal)) (Sld)

Here, the observation volume is approximated by a 3D-Gaussian volume with 1/e* radii in the lateral

(wo) and axial direction (2y), frans 18 the diffusion time, by 5 and £, 5255 are amplitudes and times of the
bunchmg terms, N is the particle number, a and #, are the amplitude and time of the antibunching term,

S and C characterize the rotation model (see Kask ef al. 9), b, and Peiosa are the amplitude and
correlation time associated with rotational motion. As described above, factorization of the model

function (eq S4) is based on the assumption of wellseparated time scales for antibunching (¢, ~ 7.) and
rotational correlation (pgi,p4:).

Section S2. Fluorescence anisotropy decay analysis

Polarization resolved fluorescence mtensity decay histograms F,(%) and Fi(t.) were recorded. The
fluorescence F(t) and anisotropy decay r(%) parameters were recovered by global fitting o the sum
Fan(fe) and difference Fudf) histograms as previously described by Mockel ef al. 12

Fam () = (Fp () + F(t)) = F(z,) (S3a)

Fair () = (Fp(e) = B(e)) = F(£) -1(2) ($3b)
where fluorescence and anisotropy decays were modelled by a weighted sum of exponentials,

F(t)=3%1 x;-7, where Yx, =1 (S4a)
and r(t,) =Xl n-p (S4b)

with fluorescence lifetimes 7., thewr species fractions x;, and with rotational correlation times p. and
their related amplitudes 7. We checked that ¥{_,1r; < 1y with the fundamental anisotropy of BDP FL
r,=0.375."1
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Order parameters of global rotational correlation time'? were caleulated according to '%: §2 = r3/rp.

Section S3. Determination of half-inactivation temperature.

Half-mactivation temperature 5, ic. the temperature at which LipA activity is reduced to 50% i a
temperature-dependent lipase activity of sLif and LipA generated by mcubation of pre-active LipA
(100 nM) with sLif (250 nM) overnight at 4°C m TG buffer. Samples were then mcubated at different
temperatures (10 — 50°C) for 1h followed by measurement of the remaining lipase activity with 2 nM
LipA by pNPP-based lipase activity assay. Data were fitted according to:

Amax—Amin
AT) = =i + Amin (85)
where A(T) is lipase activity attemperature T, Ay, is maximum enzyme activity (here 100%) and Ay,

is minimum enzyme activity (here 0%), 87 is a rate of activity loss. Half-mactivation temperature T,
was determined to 29.0 + 0.2°C and 2.1 + 0.2°C.
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Abstract

Lipases are essential and widely used biocatalysts. Hence, the production of lipases requires a
detailed understanding of the molecular mechanism of'its folding and secretion. Lipase A from
Pseudomonas aeruginosa, PalipA, constitutes a prominent example that has additional
relevance because of its role as a virulence factor m many diseases. PalipA requires the
assistance of a membrane- inte grated steric chaperone, the lipase-specific foldase Lif, to achieve
its enzymatically active state. However, the molecular mechanism of how Lif activates its
cognate lpase has remained elusive. Here, we show by molecular dynamics simulations at the
atomistic level and potential of mean force computations that Lif catalyzes the activation
process of PaLipA by structurally stabilizing an intermediate PoLipA  conformation,
particularly a P-sheet in the region of residues 17-30, such that the opening of PaLlipA’s lid
domain is facilitated. This opening allows substrate access to PalipA’s catalytic site. A
surprising and so far not fully understood aspect of our study is that the open state of PaLipA
is unstable compared to the closed one according to our computational and in vitro biochemical
results. We thus speculate that fluther interactions of PaLipA with the Xcp secretion machinery
and/or components of the extracellular matrix contribute to the remaining activity of secreted

PaLipA.
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Introduction

P. aeruginosa lipase A (PalipA) requires the assistance of a membrane-integrated steric
chaperone, the lipase-specific foldase Lif, to achieve its enzymatically active state. Here, we
show by unbiased and biased mwlecular dynamics simulations at the atomistic level and
potential of mean force computations that Lif catalyzes the activation process of PalipA by
structurally stabilizing an ntermediate PalipA conformation. PaLipA is an mportant and
widely used enzyme in synthetic applications because it catalyzes the hydrolysis and synthesis
of a broad range of substrates.!-? Like other lipases, PalipA has a core structure comprised of
the a/B-hydrolase fold, an active stte with the catalytic triad consisting of Ser82, His251, and
Asp229, and an oxyanion hole formed by Metl6 and His83.! A characteristic feature of many
lipases is “interfacial activation”, which describes the fact that lipase activity increases in the
presence of insoluble substrates that form an emulsion® In the closed or mactive state, the
active site of these lipases is covered by a lid, and this lid opens upon binding of the lipases to
a hydrophobic iterface* PalipA possesses a lid formed by o-helix 5 but does not show
“interfacial activation”> Rather, the production of enzymatically active PalipA is a complex
process involving about 30 proteins for proper folding and extracellular secretion.’ In a critical
step, PalLipA requires the assistance of an inner membrane-bound steric chaperone, the lipase-
specific foldase Lif, for its conversion ito an open conformation, which is ako active.”
Subsequently, PaLipA is secreted to the extracellular medium viathe type Il secretion pathway
using the Xcp machinery.® Without Lif, PalipA only folds to a near-native, but non-active

state.%-10

Lif belongs to asmall class of steric chaperones that act by lowering the energy barrier between
a near-native state and an active state of the target proten.’ Lif proteins catalyze the folding
process by imprinting the essential steric (structural) information onto the target protein.!! In
that respect, steric chaperones differ from classical molecular chaperones, which ndirectly
increase the folding efficiency by preventing offpathway interactions for newly synthesized
proteins.!! Most remarkably, the active state of enzymes that need specific steric chaperones is
less or only margnally more stabl than the mactive intermediate state.!> However, the

molecular mechanism of how these Lif protems activate their cognate lipases has remained

elusive.

A crystal structure of the complex of the homologous Burkholderia glumae lipase with is
specific foldase (Lif:BgLipA) (PDB code: 2ES4)!13 revealed that the core structure of the lipase
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is virtually identical to that of the closed conformation of B. glumae LipA (BgLipA:) (PDB
code: 1QGE)'* and the open state of PalipA (PaLipAs) (PDB code: 1EX9)L. The circular
dichroism spectrum of the BgLipAc was found mdistinguishable to that of the active BgLipA,
which indicates no major change i secondary structure upon activation.’ Yet, major
differences were found m two key regions: first, the lid domain (helix 5) and neighboring loops
(residues 109-163) occlude the active site m BglipAc and the Lif:BgLip A complex but are
more distant from the active site in the PalipA, structure (Figure 1A). Furthermore, helix 5 is
longer by ten residues at the N-termmnal end (residue 125-148) m PalipA, than m BglipAe
(residues 135 -148). Second, residues 17-30 form a partial B-sheet structure i the LiftBgLip A
complex and PaLipAo,, while they form a loop in BgLipAc. Residues 17-30 contribute to the
formation of'the active site surface n PalipAo, and the partial B-sheet formation (residues 21-
26) likely stabilizes neighboring loops (residues 17-20 and 27-32) (Figwres 1B and 1C).
Together, these observations led us to hypothesize that the foldase-bound BglLipA 18 n an
mtermediate conformation where partial [3-sheet formation has occurred but not yet lid
opening, this conformation can be considered a “loaded spring” ready to change to the open

conformation.

Figure 1. Structural superimposition of B. glumae lipase A (BgLipA) and P. aeruginosa lipase A (PaLipA)

and schematic view of the active site. (A) Overlay of BglipA extracted from the foldase:lipase complex of
B. glumae (gray, PDB code: 2ES4), closed BgLipA (BgLipAc) (blue, PDB code: 1QGE), andPaLipA in the open
conformation (PaLipA.) (orange,PDB code: 1EX9). Extracted BgLipA shows apartial B-sheet structure ofregion
17-30 residues, which is also present n the PaLipAo structure but absent in the BgLipAc structure (red circle). In
contrast, helix 5 (HS5) resembles the closed state by occluding the active site (yellow) m both conformations of
BgLipA butis moved away n PaLipA,, mdicated by the black arrow. (B) PaLipA, bound to an octyl-phosphink
acid 1,2-bis-octylearbamoyloxy-ethyl ester (OCP) inhibitor (green sticks) is shown to visualize the active site
(PDB code: 1EX9). H5 1s shown in orange, helix 8 (H8) m wheat, and residues 17-30 in red. The catalytic triad
s shown as yellow dots. The close-up view of the bmdmng site (right nlay) shows that residues 17-30 form

multiple intramolecular polar interactions in the region of partial f-sheet formation (residues 21-26). M16 forms
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the oxyanion hole. (C) As m panel B but with a surface representation of the binding site to show that H5, HR,

and residues 17-30 contribute to the formation of the active site surface.!

We probed this hypothesis by unbiased and biased molecular dynamics (MD) smulations
followed by configurational free energy computations, complemented by in vitro biochemical
experiments for validation. Our results indicate that Lif catalyzes the activation process of
PalipA by structurally stabilizing the mtermediate conformation, which facilitates the opening
of the lid domain.

Methods

Generation of starting structures

The three-dimensional structure of PalipA m the closed conformation (PalipAc) and complex
with its foldase Lif (LifPalipA) is currently unknown. Thus, the homology model of PalipAc
as well as the LifPalipA complex were constructed using the crystal structure of B. glumae
lipase in complex with its foldase (PDB code: 2ES4) (sequence identity/similarity: 41%/73%
for PalipA and 39%/52% for Lif) and the open PalipA (PaLipAs) (PDB code: 1EX9) as the
templates. The Phyre2 web server' was used for homology modeling, followed by ten rounds
of energy mimimization with the GROMOS96 43B1 force field mplemented n Swiss-
PdbViewer.'® The best model obtained was re-evaluated by using our in-house model quality
assessment program TopScore.l” The starting structure of PalipAo was obtained from the
coordinates of the X-ray structure (PDB code: 1EX9).

Mol ecul ar dynamics simul ations

All-atom MD simulations were performed with the Amber14 sofiware package!$, using the
14SB force field”® as done previously by us.?’ PalipAc, the LifPaLipA complex, and
PalipA, were placed in truncated octahedral periodic boxes of TIP3P water molecules,
respectively.?! The Particle Mesh Ewald (PME) method?? was used to treat long-range
electrostatic interactions and the SHAKE algorithm®® to constran the length of bonds to
hydrogen atoms. A time step of 2 5 was used with a non-bonded cut-off of 8 A. Initially, the
startmg  structures were energy mmimized by applying 50 steps of steepest descent, followed
by 450 steps of conjugate gradient mmimization. During the mitial mmimization, harmonic
restraints with a force constant of 25 keal mol'! A-2 were applied to the solute atoms and then
reduced to 5 keal mol! A2, The systems were heated from 100 K to 300 K for thermalization
by MD simulations in the canonical (NVT) ensemble, using the weak-coupling algorithm for
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temperature control*, carried out for 30 ps and using a force constant of 5 keal mol'! A2
Afterward, MD simulations of 250 ps length were performed using isothermal-isobaric (NPT)
ensemble MD simulations using the isotropic Berendsen barostat®® with the same force
constant in order to adjust the density of the system. Then, the force constant of the harmonic
restramts was reduced to zero, and MD simulations m the NVT ensemble were carried out for
100 ps. Fmally, six production MD simulations of 1 ps length each were performed for each
of the three systems in the NVT ensemble using the weak-coupling algorithm for temperature
controlP* with a coupling parameter z=1 ps. To ensure the independence of the simulations,
production runs were performed at temperatures of 300.0 K + 7, where 7 was varied by 0.1 K
from 0.0 to 0.5 K, respectively.?

Potential of mean force computations

For the potential of mean force (PMF) computations, the transition pathway of H5 between the
open and closed conformations was taken from the unbiased MD simulations of PalipAs. The
start and end conformations of PalipA with closed and open lid were selected based on the
distance between the centers of mass (Dcom) of the lid domain (H3, residues 125-148) and HS
(residues 210-222), which is 11.6 A (minimum distance found during MD simulations) in the
closed state and 20.6 A in the open state. The closed state resembles the homology model of
PaLipA: (Dcom = 13.3 A), and the crystal structure of PaLipAs was taken as the open state.
The free energy profile of the opening of the active site was calculated for the PalipA structure
and the LifPaLipA complex, usng umbrella sampling MD simulations in combmation with
the WHAM method.?® Dcom was used as a reaction coordinate. Umbrella sampling MD
simulations were performed along the reaction coordinate between 11.6 A and 20.6 A in
mtervals of 1 A applyng aharmonic potential with aforce constant of 2 kecal mol! A-2to tether
the conformations to the respective reference point. This resulted in 10 umbrella sampling
simulations per system, each 650 ns long The first 50 ns were excluded from the subsequent
WHAM analysis. The errors of the PMF profiles at the reference pomnts were computed by
applyng the Monte Carlo bootstrapping analysis as implemented n WHAM using 400
resampling trial.
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Analysis of trajectories

The unbiased MD trajectories were analyzed with the Amber module CPPTRAIJL?? For each
system, the average B-sheet propensity and Dcom were calculated; the former was calculated
for residues 17-30 using the DSSP command. Additionally, the unbiased MD-generated
conformations of PaLipAc, LifPalipA, and PalipAo were clustered with respect to Dcom. For
the cluster analysis, the hierarchical agglomerative algorithm was used. A maximal distance
between all members of two clusters (complete linkage) of 4 A was used as ending criterion
for the clustering. With these settings, we obtained atotal of five clusters for each system. For
the alignment of the structures onto the respective starting structures, root mean square fitting
was done on the core residues (1-108 and 164-285) of PaLipA for all systems.

Likewise, configurations t obtained by umbrella sampling in the windows corresponding to
states I-III (see below for a definition of these states) were analyzed. To “unbias” these
configurations, a weight w: according to eqs 7 and 8 from ref?® was computed as done
previously by us.Z® The reweighting is performed over the entire ensemble of each system and,
then, w:is normalized with respect to the sum of all w: of each system. Fmally, to identify
mteractions between residues m Lif and the key regions of PalipA, the average Ca-Co distance
matrix was caleulated for LifPalLipA over the six unbiased trajectories. An mteraction is
considered formed between respective two residues if the distance is < 10 A, considering that

the average length of the side chain is 3.5 A for an amino acid.
Statistical analysis

Results for the PB-sheet propensity of each residue and the Cu-Co distance matrix computed
from six unbiased MD simulations are expressed as arithmetic mean + standard error of the

mean (SEM). The overall SEM was caleulated using the law of error propagation (eq. 1)

SEM,,,; = +/SEMZ + SEMZ + -+ + SEM?2 (eq. 1),

where SEM; is the SEM over each trajectory i. Following ref3°, SEM; was computed
considering the decorrelation time of the exammed variable. To analyze if averaged P-sheet
propensities are statistically significantly different between systems, the Student’s r-test3! was
applied, p-values < 0.05 and 0.001 are indicated as “*”” and “**” m figures, respectively. The

statistical analysis was performed using the R software.?
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Cloning, protein production, and purification

The expression plasmid encoding PalipA and Lif was created by PCR using the Phusion High-
Fidelty DNA polymerase (Thermo Fischer Scientific) m whole plasmid amplification
designed for the SLIC nethod.* pLipA-SS and pEHTHis19 plasmids were used as templates
for PalipA and Lif, respectively. For Lif, amino acids 1-65 were deleted using primers
Lif dLinkVD fw and Lif dLinkVD rv. The expression plasmid for the PalipA variant with
mutation S82A was created by whole plasmid PCR amplification with mutagenic
oligonucleotide par LipA S82A FW/LipA S82A RV designed for the SLIC method.
PalipA, PalipAss2a, and Lif were expressed n E. coli BL21 (DE3) wsing the T7-expression
system with the respective plasmids. Lif was purffied by immobilized metal affinity
chromatography according to the modified protocol of Hausmann et al?* Cells expressing
msoluble inclusion bodies of PaLipA or PaLipAss2a were suspended i Tris-HCI buffer (100
mM, pH 7) containing 5 mM EDTA and 1 mM Tris(2-carboxyethyl)phosphine (TCEP) and
disrupted with a French press. Inclusion bodies were collected by centrifugation at 10,000 g
for 10 min and suspended m the same buffer. Centrifugation and wash steps were repeated
three times to obtain purified inclusion bodies. The purified nclusion bodies were suspended
m a small amount of water and, afterward, 8 M urea (0.5 ml / 100 ml culure volume) was
added. The mclusion bodies were mcubated for 1 h at 37°C or until all mclusion bodies have
been dissolved.

In vitro activation of PaLipA with Lif.
Chemically denatured PalipA and PalipAsg2a inclusion bodies were renatured by fast, at least

100-fold, dilution of the denaturant with ice cold 10 mM TG (5 mM TRIS, 5 mM glycine,

pH 9) contaming an equimolar amount of Lif followed by overnight incubation at 4°C.

Lipase activity assay

Para-nitrophenyl palmitate (pNPP, 1 mM) was used as a substrate n 10 mM TG buffer
containing 1 mM CaCl to determine lipolytic activities.?> The release of p-nitrophenolate was

monitored spectrophotometrically.

Proteinstability determination by differential scanning fluorimetry

LifPaLipA and LifPalipAssza complexes prepared as described above were loaded mto the
measuring capillaries (Prometheus N'T.Plex nanoDSF Grade Standard Capillary Chips) from a

8
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384-well microtiterplate and were heated from 15°C to 95°C (heating rate of 0.2°C/min). The
emission shift over temperature (F) was recorded at 330 nm and 350 nm using the Prometheus
NT.Plex nanoDSF device (Nano Temper, Munich, Germany). The PR. ThermControl software
provided by the company was used to calculate the ratio of F3sonm and F33onm and its first

derivative.

Constraint network analysis

To quantify a change in structural rigidity of PalipA upon binding to Liff we employed a
perturbation approach®® using the Constrained Network Analysis (CNA) methodology®”, as
described previously.>® Briefly, CNA is a graph theory-based tool for rigidity analysis and has
successfully been applied to a number of problems.39-4! In aperturbation approach, the rigidity
analysis is compared before (ground state) and after pertwbing the constraint network by
removing constrants of the residues of nterest. For the perturbation analysis, first, an ensemble
of network topologies was generated from MD snapshots of the LifPalipA complex, sampled
at 2 ns mtervals from the six unbiased MD smulations of 1 s length each. Second, Lif residues
forming mteractions with the key regions m PalipA were identified from the average Ca-Ca
distance matrix as described above. Third, for each of'the identified residues i m Lif (residues
195-203, 213,217-220), the perturbation was performed, which resulted i a per-residue

perturbation free energy AG; oy, following alinear response approximation (eq. 2):

AGiona = a(E[RR™" ) = (BN @)

o was set to 0.02 as in ref>6
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Results

Structural dynamics of the lid of free PzLipA and when bound to Lif

Intially, we aimed at analyzing the tendency of closed PalipA (PalipAc) free and n complex
with Lif (LifPalipA) to move towards the open state, and of free open PalLipA (PalipAo)
towards the closed state, by unbiased MD simulations. Due to the absence of respective crystal
structures, PalipAc and LifPalipA were buit by homology modeling (Figures 2A-C). The
models were assessed with our in-house model quality assessment program TopScore!” and
found to be 68 % correct for PaLipA and 52 % correct for Lif. The correctness of the model is
computed as the predicted global and local IDDT score*?, which compares all infra-molecular
heavy-atom distances within two structures. If all distances deviate by more than 4 A, the two
structures are considered entirely different, and they are considered completely identical if all
distances deviate by less than 0.5 A. As the native structure is not known, the score i predicted
by a deep neural network, which was tramed on alarge dataset of 660 protem targets totaling
over 1.33 x 10° models and over 1.9 x 107 residues. It uses model quality predictions from
different sources as mput, including an agreement between features predicted from the
sequence and measured in the model, such as secondary structure, solvent accessibility, and

residue contacts.

Fist, we analyzed the MD simulations with respect to the average B-sheet propensity of
residues 17-30 of PalipA because this secondary structure type is a characteristic feature of
PalipAo.. For the LiffPaLipA complkx, the lkelithood of (-sheet formation is highest
(96.5 + 0.8%, mean + SEM) (Figure 2D). In contrast, PalipA. showed a significantly lower
B-sheet propensity of 41.1 + 12%. This result indicates that Lif fosters the formation of the
B-sheet structure. As expected, PaLipAo exhibits a B-sheet propensity more similar to that of
the LifPalipA complex (83.5+3.5%), yet, the significantly smaller value suggests that

PaLipAo tends to move towards the closed conformation.

Next, we computed Dcom between H5 and HE over the MD simulations to measure the opening
and closing of the active site. Startmg from PalipAc, pronounced fluctuations of Dcom were
observed that encompass both partially open lid conformations (Dcom = 16 A) and more closed
ones (Dcom = 10 A) compared to the starting state (Dcom = 13.3 A) (Figure 2E). A similar
behavior was observed for B. cepacia lipase during MD simulations in water.*> Starting with
the LifPaLipA complex, the probabilty demsity of partially open conformations
(Deom = 16 A) was ~2-fold higher than for PalipAc (Figure 2E). This suggests that Palip A

10
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in complex with Lif has a stronger tendency to move towards the partially open state than
PalipAc, although this tendency i obvious mn only three trajectories out of six. As when
starting from the closed conformation of PaLipA, further closing of the lid was also observed
during the MD simulations of the complex. Fmally, startng from PalipAo, the partially open
state becomes most populated (Dcom = 16 A), and even closed conformations (Dcom < 13.3 A)
were found (Figure 2E). Likewise, for B. cepacia lipase, an open-to-closed transtion of the lid

during MD simulations in water was found.**

To get an atomistic view on the further closed and partially open states observed n the above
probability density distributions, we clustered the structures generated from the six MD
trajectories for each system with respect to Doom, using a threshold value of 4 A. The two most
populated clusters obtaned respectively (Figure S1) were analyzed as to conformational
changes m the lid domain. For PaLipAc and the LifPaLip A complex, the most populated
clusters were dominated by structures with further closed active site (Dcom < 13.3 A) (Figure
S1A and S1C). In the second most populated clusters, in addition to lid movement towards
larger Dcom values showing a partial opening of the active site, we also observed the formation
of an additional o-helical structure for HS of PalipAc and PaLipA n complex with Lif (Figure
S1B and S1D). For PalipAo, the representative structures of the two most populated clusters
(Dcom = 16.2 A for the first and Deon = 13.9 A for the second, respectively (Figure S1E and
S1F)) show a decrease and abent n a-helix structure of H5 similar to LifPaLip A (Figure S1D)
when compared to the X-ray structure of PalipAs.

To conclude, the hd of PalipA shows pronounced structural fluctuations on the us time scale,
reaching also a partially open state when starting from either a closed or open state. When
starting from the closed state, reaching the partially open state is more favored for Palip A
when bound to Lif.

11
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Figure 2. Structural dynamics of PaLipA during unbiased MD simulations. (A) Structural model of PaLipA
m the closed conformation (PalipA.) generated by homology modelling. Active site residues (catalytic triad
residues S82, H251, andD229) are shownas yellow dots, which are covered by the id domam (H5) (orange). H8
is highlighted in wheat. Dcom is represented by a black, dotted line. Tn PaLipAc, Dcom = 13.3 A. Residues 17-30
are shown in red and do not exhibit the partial B-sheet structure, which is a characteristic feature of PaLipAo. (B)
Homology model of the closed PalipA i complex with Lif (LifiPalipA), Lif 1 represented n ¢yan, otherwise
the representation 18 as m (A). (C) Crystal structure of PaLipA, (PDB code: 1EX9), represented as n (A). H5
moved away from the active site, and Dcom = 20.6 A (black dotted line). The residues 17-30 form apartial B-sheet
structure (red). (D) Average perresidue P-sheet propensities of residues 17-30 starting from PalipAc (left),
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Lif PalipA (muddle), and PaLipAo (right). Eror bars mdicate SEM (eq. 1) and statis tically significant differences
of the averages calculated with the Student’s ftest were indicated by “*” p-values < 0.05 and “**” p-values <
0.001. (B) Dcom over the simulation times of six MD trajectories each for the three systems listed in (D).
Additionally, the probability densities are shown. Red dotted lines indicate the Dcom values ofthe openand closed
PalipA states.

The open state of PaLipA is more favorable when bound to Lif

To complement the unbiased MD simulations, we computed the potential of mean force (PMF)
of the opening of the active site m free PalipA and complex with Lif (LifPalipA), applying
umbrella  sampling and using Dcom (Figure 2A) as a reaction coordinate. The PMF
computations were performed for a plawsible tramsition path of HS obtained from unbiased MD
simulations of PalipA, (see Methods section for details). Approximately Gaussian-shaped
frequency distrbutions were obtained for each reference pomt along the reaction coordnate,
with well overlapping wmdows (Figure S2). Such distributions are a prerequisite for the
successful application of WHAM to compute a PMF.26 Repeating the PMF computations for
parts of the simulation time demonstrates that, for both systems, the PMFs are converged after
at most 350 ns of simulation time per window (maximal difference between any two PMFs
affer a simulation time of 550 ns: 0.1 kcal mol'!) (Figure S3). Usually, high configurational
entropy results in the delayed convergence of the PMF.*> Along these lines, our unbiased MD
simulations reveal that the lid of PalipA fluctuates markedly on the us time scale (Figure 2E).
Furthermore, during lid opening, helix formation in the region of residues 125 — 135 takes
place, as alkso indicated from the comparison of the open and closed structures (Figure 1A and
1C). Helix formation occurs on the time scale of hundreds of ns. %647 Both effects likely
contrbute that at most 550 ns per window are required to achieve converged PMFs. For
comparison, the PMF values at the smallest Dcom sampled (11.6 A) were set to zero in both
cases (Figure 3A).

Although m both cases the configurational free energy ncreases with increasing Dcom, the
PMFs differ in their global shape: The PMF of the LifPaLipA complex increases more
moderately than that of PalipA and shows broader local mnima (Figure 3A). In more detail,
the global energy minima (state I) for both free PaLipA and the LifPaLip A complkx are found
for the closed state (Dcom = 12.4 A and 13.2 A, respectively, AG = 0kcal mol! with respect to
Deom = 11.6 A). At Deom= 14.8 A, both PMFs have a local minimum (state II) of similar
height (AG =~ 1 kcal mol'!). The corresponding energy well of the LifPaLipA complex is
extended wntil Dcom = 16 A, In contrast, the PMF for PaLlipA rises steeply inmmediately

13
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following the local minimum. This finding coincides with a higher population of partially open
structures found for LifPalipA in the unbiased smwlations. Finally, flat PMF regions are
found for both systems at Deom = 20.6 A (state III), but the configurational fiee energies with
respect to the global mmimum differ (LifPaLipA: AG = 2.9 kecal mol!, PalipA: AG =
4.6 keal mol),

Furthermore, we computed the average [B-sheet propensity of residues 17-30 of PalipA with
and without Lif over the reweighted (unbiased) (Figure S4; see Methods section and ref. 28)
configurations from umbrella sampling for states I-IIT, respectively (Figure 3B). At the global
minimum (state 1), the B-sheet propensity averaged over windows 1 and 2 is significantly lower
for PalipA (~21 £ 6%) than in state II, averaged over windows 3 and 4, and state III, averaged
over windows 9 and 10 (~ 60 + 4% and ~ 63 + 3%, respectively). In contrast to PaLipA, in
LifPaLipA, state [ (~94 £ 0.8%) has a similar B-sheet propensity as state Il and state III (~ 75
+ 2% and 84 = 1%, respectively). The difference between the average B-sheet propensties of
states [ of PalipA and LifPalLipA is highly statistically significant (p <0.001). Smilarly, for
states IT and IIL the respective average [-sheet propensities of LifPaLipA are significantly
higher than those of PalipA (p < 0.05 for both states).

To conclude, the PMF computations reveal that the open state of PalipA i disfavored
compared to the closed state but that n LifPalipA the open state is 1.7 kcal mol! more
favorable than n PalipA. Furthermore, according to unbiased configurations from the
umbrella sampling simulations, binding to Lif significantly favors the formation of the [B-sheet
m the region of residues 17-30, and this effect is most pronounced m the state I (~73 fold

mcrease m the propensty).
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Figure 3. PMF computation of the active site opening in PaLipA and the Lif PalipA complex and average
B-sheet propensities of residues 17-30 of PaLipA with and without Lif for three states identified in the
PMFs. (A) Configurational free energies of active site opening of PalipA as afunction of Dcomusedas areaction
coordinate for free PaLipA (black) and the LifPalipA complex (orange). The standard deviation for all data
points is < 0002 keal mol! computed by bootstrap analysis. Roman numbers indicate the identified states.
Representative structures for states [-IIl are shown as cartoons for PalipA (top) and LifPalipA complex
(bottom), res pectively. The PMF values at Dconm= 11.6 A were setto zero, respectively. (B) Per-residue averaged
B-sheet propensity forresidues 17-30 of PaLipA, calculated across the umbrella sampling windows corresponding
to the states I-TIT as described in (A), using reweighted (unbiased) configurations for PaLipA (top) and the
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Lif PalipA  complex (bottom). The table at the bottom displays results from comparng P-sheet propensities
between PalipA and Lif:PalipA. Error bars mdicate the SEM (eq. 1) and asterisks statistically sigmficant

differences (see Methods section for definition).

PalipA released from Lif loses its lipolytic activity over time under in vitro
conditions

The unbiased MD simulations and the PMF computations reveal that PalipA, tends to move
to an at most partially open state and that the open state is energetically disfavored with respect
to the closed one, respectively. Although previous computations on related systems yielded
similar results**, our results are unexpected because, in a cellular context, secreted PaLipA
remamns active and stable as indicated by the harsh conditions requred for its
denaturation.1*-*84° In order to validate our computations, we thus performed biochemical
experiments to probe if PalipA activity decreases under im vifro conditions smmilar to our

simulations when the lipase is released from Lif:

To do so, a catalytically inactive PalipA variant, in which amino acid S82 of the catalytic triad
is mutated to alanine, was used i addition to wild type PaLipA. Purified PaLipAsgoa was
renatured and used for complex formation with Lif at 1 uM concentration. According to the
results of thermal unfolding expermments carried out with differential scanning fluorimetry
(DSF), PaLipAss2a forms a complex with Lif that has stability similar to that of PalipA with
Lif (Figure 4A). This result is concordant with the fact that S82 is buried within PaLipA and
does not participate in interactions with Lif. At the used concentrations, the amount of free
PaLlipAss2a or PaLipA and Lif should be neglighle because of the high binding affinity of
LifPaLipA (Kda=5nM).

As expected, no catalytic activity is found for the LifPallipAss2a complex, i contrast to the
Lif PalipA complex (Figure 4B). After dilwtion of the LifPalLipAss2a complex to 1 nM,
renatured PalipA was added in excess at a concentration of 100 nM, followed by 3 h
mcubation. The addition of PalipA to the LifPalip Assaa complex restored activity to ~90 %
of that of LifPalLipA (Figure 4B), indicating that PalipA replaces PalipAssza and then
becomes activated by Lif.

Fmally, we performed acomplementary experiment in which 50 nM LifPaLipA complex was
supplemented with 50 nM or 100 nM PaLipAssoa, and with buffer as control, followed by
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determination of the catalytic activity over time (Figure 4C). After 145 min, the activity level
decreased by about 15 % and 35 % m the presence of 50 nM and 100 nM PalipAssaa,
respectively, which indicates the replacement of PalipA by PalipAss2a and the subsequent
loss of catalytic activity of free PalipA mn a PalipAs2a concentration-dependent manner.
Addition of 100 nM Lif after 150 min restored catalytic activity, demonstrating that replaced
PalipA can be re-activated by Lif.

A 13 B 12 C 150
— Lif:PalipA,,,
Lif-PaLipA

~e— /+buffer
140 ~e— /+50 nMPalipAgg;,
/4100 NMPaLipAsays

8
i
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g
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Relative lipolytic activity [%]
H]
8
’
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Figure 4. Dynamics of Lif:PaLipA complex formation and PaLipA activation. (A) DSF melting curves of the
Lif PaLipAss2a and Lif PaLipA complexes at 1 uM concentrations. (B) The catalytic activity of Lif PaLipAss2a
and LifPalipA (set to 100%) m comparson to LifPalipAssz2a i the presence of PaLlipA
(LifPaLipAss2a/+PalipA), which restores catalytic activity i the latter case. (C) The catalytic activity of
Lif PaLipA over time in the absence (/+tbuffer, set to 100%) and presence of PaLipAssza. The presence of
PaLipAss2a reduces catalytic activity n a concentration-dependent manner. The activity can be restored by

addition of Lif (vertical line).

The activity decrease due to the addition of PalipAssoa in the first step of the experiment was
lower than expected. According to the ratios of Pal.ipA and PalipAss2a, the expected activity
decrease 18 50% and 67% for the samples with 50 nM and 100 nM PalipAss2a, respectively.
The discrepancy is likely caused by mcomplete complex formation at the start of the
experiment and unfinished lpase exchange after 145 mm. The fact that the LifPalLipA control
showed an increase i activity upon Lif addition supports the former point as does the lack of
aplateau around 145 min in the case of 100 nM PaLipAssza and the need to incubate Lif with
PalipA overnight to achieve maximal activation the latter.

To conclude, these in vitro experiments demonstrate that PalipA released from Lif loses its
lipolytic actvity over time and that the activity can be rescued by the addition of Lif. The
results suggest that the closed-to-open transition of PalipA is areversible process and that Lif
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is required for the conformational transition of PaLipA to the open state as well as to stabilize

PaLipA in the open conformation wnder in vitro conditions.

Lif binding affects the structural stability of key regions of PaLipA involved in the
opening of the active site

Our results suggest that Lif faciltates the opening of the active site in PalipA and stabilizes
the partial P-sheet structure in the region of residues 17-30. To understand the underlying
mechanism how Lif binding influences the active site opening n PalipA, we analyzed changes
m the structural rigidity of PalipA upon mutating residues of Lif that mteract with Palip A
using an ensemble- and rigidity-theory based perturbation approach®® mtegrated mto the CNA
approach.?” Initially, we identified interactions between Lif and H5 as well as residues 17-30
of PaLipA based on the Cu-Cadistance matrix averaged over the six unbiased MD simulations
of the LifPaLipA complex (Figure 5A). In total, 13 residues of Lif were identified (195-203,
213, 217-220) that are m direct contact with the region of residues 17-30 of PalLipA (Figure
5B). By contrast, no residues of Lif were identified that mteract with HS5.
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Figure 5. Lif residues interacting with PaLipA. (A) Average Co-Co distance matrix caleulated for the
Lif PaLipA complex over six unbiased MD simulations of 1 ps length each. Residue pairs with a Ca-Ca distance
<10 A are colored in red (see color scale) and considered in direct contact. Regions of H5 and residues 17-30 in
PalipA are indicated by black lines. The SEM is <0.1 A in all cases. (B) Close-up of the Ca-Cu distance matrix
for residues 17-30 m PaLipA. Color code as m panel A.
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To probe a potential influence of Lif binding on PalipA stability, first, a conformational
ensemble of the LifPalipA complex was generated from the above shown MD simulations,
constituting the ground state (see the Methods section for details). A perturbed state of the
LifPalipA complex was then generated by removing the side chain of a Lif residue except
the Cp atom, mimicking a substitution to alanine, but keeping the structures of Lif and PaLip A
unchanged otherwise. This perturbation was carried out separately for each of the 13 above
mentioned residues. The changes are quantified as residue-wise free energy AG;cy, (eq.2), a
measure for structural stability.’” By definition, a change of the biomolecular conformation
between the ground and perturbed states is excluded in owr approach. Therefore, any observed
changes i the biomolecular rigidity and flexibility must arise solely from local changes in the
network topology that are due to the uncoupling of the residue side chain.” This procedure has
been applied successfully before 75932 and resembles a free energy decomposition scheme as

non-perturbing alternative for (computational) alanine scanning mutagenesis.>3

Of the 13 residues tested, F195, R199, R203, D218, and R219 showed the largest effect onthe
structural stability of PalipA (Figure 6, for effects on the structural stability of Lif see Figure
S35, results for residues showing no effect are summarized in Figure S6). Upon perturbation of
residue F195, the changes in AG; .y, were largest for PalipA residues 15-45, which form the
oxyanion hole and the cleft of the active site, whereas residue R199 affects the stability of
residues 15-45 and in addition residues 255-268, which constitute the loop stabilizing the
catalytic triad residue H251 (Figures 6A and 6B). Upon perturbation of residue R203, in
addition to residues 15- 45, residues 142-144, which constitute the neighboring loop at the C-
terminus  of H5 also showed substantial changes in AG; .y, (Figure 6C). By contrast, residues
D218 and R219 specifically affected the stabilty of region 17-30 of PalipA (Figures 6D and
6E). Notably, all affected residues belong to the substrate binding stte of PalipA which
undergoes conformational rearrangements during activation. Fmally, these perturbations also

affect the stability of a number of'the neighboring residues in Lif itself (Figure S5).

To conclude, the perturbation analysis reveals that certam Lif residues that dwectly mteract
with PalipA lead to along-range impact onthe structural stability of PallipA regions (residues
142-144,255-268 and 15-45) in the vicinity of PalipA’s active site. In particular, the stability
of the partial B-sheet structure of residues 17-30 is affected, which forms upon opening of the

lid domain.
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Figure 6. Potential influence of Lif residues interacting with PaLipA on the structural stability of PaLipA.
A perturbation approach implemented in CNA was applied on the ensemble of structures of Lif PalipA generated
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by six unbiased MD simulations. (A) Left: Residues with AG; oy above the threshold of 01 keal mol! are
depicted as spheres onthe Lif.PalipA complex structure. Blue colors reflect predicted AG; cn4 values, thelarger
the value, the darker is the color. The perturbed residue F195 of Lif (green, ball-and-stick representation)
mnfluences the stability of residues 17-30 of PaLlipA (red). H5 (orange)is shown in closed conformation occluding
the binding site (yellow). Right: The histogram shows the perresidue AG; oy for PalipA (see Figure 35 for
AG; gna of Lif). The dashed line indicates the thresheld value of 0.1 keal mol! above which residues are
considered affected in terms of their structural stability. Residues forming H5, the catalytic triad, and region 17-
30 are highlighted in orange, yellow, and red, respectively. Other residues with AG; ¢y, above the threshold are
highlighted in blue. (B) As n panel A for the perturbation of residue R199 of Lif. (C) As in panel A for the
perturbation of residue R203 of Lif. (D) As in panel A for the perturbation of residue D218 of Lif. (E) As in panel
A for the perturbation of R219 of Lif. The standard error of the mean is < 0.05 keal mol? for all residues in all

cases.

Discussion

In this study, we have shown by molecular simulations at the atomistic level that the steric
chaperone Lif catalyzes the activation process of PaLipA by structurally stabilizing an
ntermediate PaLipA conformation, particularly a (-sheetin the region of residues 17-30, such
that the openmg of the id domam i faciltated. This openmg allows substrate access to
PaLlipA’s catalytic site. Our study was motivated by previous experimental work that showed
that the homologous BgLipA in the absence of its foldase adopts a near-native conformation,
which is enzymatically inactive, however.!® Addition of the foldase results i lipase activity in
solution.'® In the LifBgLipA complex crystal structure, BgLipA shows a partial B-sheet
formation in the region of residuss 17-30,'3 which has also been observed in PaLipAo' but not
m closed BgLipA.'* Notably, lipase activity was also found in the crystals of the TifBgLip A
complex,1? concordant with helix 5 of BgLipA having sufficient space to move in the crystal

lattice and, thus, being able to switch to the open state.®>*

Our result i supported by three complementary computational approaches and in vitio
biochemical experiments. First, we performed six independent, unbiased, microsecond-long
MD simulations at the atomistic level m explicit solvent startmg from (free) PalipAc and
PaLlipA: m complex with Lif (LifPaLipA). These simulations revealed that the lid of PaLip A
shows pronounced structural fluctuations on the us time scale and also reaches a partially open
state when starting from either a closed or open state. Yet, when startng from the closed state,
the partially open state is reached more frequently if PalipA 1 bound to Lif than when it is

free. To our knowledge, the length of our MD simulations surpasses comparable previous ones
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on PalipA by at least 800 ns,>557 whereas no MD simulations have been reported for
LifPaLipA complex so far. For the MD simulations, we used established parameterizations
for the solvent,?! and proteins,'® which we had also applied successfully i other simulations
on soluble proteins,2%-38.58.39 Fyrthermore, the impact of force field deficiencies on our results
is expected to be small due to cancellation of errors when comparatively assessing simulation
results for PalipA m unbound or bound state, or started from different conformations. While
an experimental structure was available for PalipAo,! homology models were used as starting
structures for PalipA. and LifPal.ip A. Note that, as the partial (-sheet structure i absent in
the closed BgLipA structure, our homology models of PaLipAc and LifPalipA do not have a
partial B-sheet structure in the region of residues 17-30 either. Still a mwch higher [(-sheet
propensity is found in that region in MD simulations of the LifPalipA complex than for
PalipAc, concordant with the presence of such a [3-sheet in the crystal structure of LifBg Lip A
and the lack of it m the crystal structure of closed BglipA. Concomitantly, MD simulations
started from PalipAo exhibited a B-sheet propensity more similar to that of LifPaLlipA,
atthough the smaller values suggested that PalipA, tends to move towards the closed
conformation. Apparently, binding to Lif fosters pB-sheet formation in PaLlipA in the region of
residues 17-30.

As a second, mdependent approach, we investigated the energetics of active site opening in
free PalipA and m the complex with Lif (LifPalipA) by umbrella sampling simulations
followed by PMF computations, using established protocols successfully appled previously
by us®®:3% and Dcow as an intuitive reaction coordmate previously applied on a similar system.>8
To our knowledge, the energetics of active site opening in PalipA has not been investigated
by computational means before. The PMF computations reveal that the open state of PaLip A
is disfavored compared to the closed state but that in LifPalipA the open state is 1.7 kcal mol-
U'more favorable than in PalipA. Both findings are in agreement with results from unbiased
MD smulations (see above), demonstrating internal consistency of our findings. The former
finding is alo m agreement with our i» vitro experiments according to which PalipA set free
from Lif loses its lipolytic activity over time. Fmally, evaluating the [3-sheet propensity of the
region of residues 17-30 on reweighted configurations from the umbrella sampling simulations
confirmed that binding to Lif significantly favors [-sheetformation m that region, particularly
in the closed state, again demonstrating internal consistency with respect to results from

unbiased MD simulations.
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Third, we applied a rigidity theory- and ensemble-based perturbation approach for analyzing
biomolecular rigidity and flexibility*®>7 successfully used previously by us® to scrutinize the
mechanism of how Lif binding influences the active site opening n PaLlipA. The results
revealed that five out of 13 Lif residues forming contacts with the region of residues 17-30 of
PalipA contribute to the structural stability of the binding site n a long-range manner, in
particular the region formed by residues 17-30, the neighboring loop of the lid/HS (residues
142-144), and the loop (residues 255-268) stabilizing H251, one of the residues of the catalytic
triad. Considering that tertiary interactions can stabilize [B-sheet formation,?%-52 these results
can explam why a higher [(-sheet propensity i the region of residues 17-30 i found when
PalipA is bound to Lif.

A surprising and so far not fully understood aspect of our study is that the open state of PaLip A
is unstable compared to the closed one according to our computational and in vitro results
(Figure 7). This finding does not contradict results on a-lytic protease and subtilisin, which
need steric chaperones to reach their active state and whose active states are less than or only
margnally more stable than the iactive mtermediate states.!>$3-65 Yet, it is at variance with
the fact that PallipA secreted to the extracellular medium remains active.!®484% Af present, we
can only speculate that further mteractions of PalLipA with the Xcp secretion machmery and/or
components of the extracellular matrix contribute to the remaining activity, ¢.g., by increasing
the energy barrier between the open and closed states of PalipA, which is almost absent in our

free energy profiles.

Lif:PaLipAc Lif:PaLipAg VviaXcp Secr.eted
complex complex PaLipAg
PaLipAssaa
‘. inactive
Lf
Lif:PaLipAsgz,\

Near-native +
(inactive) PaLipAg
PaLipAc
Unfolded
PaLipA

Figure 7. Proposed scheme for PaLipA activation and secretion.”#10 Unfolded PalipA folds to a near-native
mactive state m the absence of Lif (PaLipAc). This PaLipAc bmnds to Lif (LifPalipAc) and undergoes
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conformational changes towards the open state (Lif. PaLipAo). After opening, PaLipA, is released from the
Lif PalipA, complex and in vivo secreted to the extracellular medium via the Xep machmery (blue arrow),
although the exact mechanism of secretion is still unknown. Results from MD simulations, PMF computations,
and in vitro experiments (red arrows) obtained in this study indicate that PaLipAo. released from the complex (red)
by addition of the mactive variant (PaLipAssza) can fold back to mactive PaLipAc. Black arrows indicate
processes oceurring in vitro and i vive. Our results thus suggest that Lif 1 required to facilitate the closed-to-
open transition of PaLipAc as well as to stabilize PalipA, under in vitro conditions until it s secreted to

extracellular medium via the Xep machinery.

In summary, our results shed light onto the molecular mechanism of a steric chaperone m that
they provide an explanation how Lif directly catalyzes the folding process of PalipA by
mprinting the essential steric (structural) mformation onto the target protem: Lif structurally
stabilizes an mtermediate PalipA conformation, particularly a f-sheetn the region of residues
17-30, such that the opening of PaLipA’s lid domain is facilitated.
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Supplementary Figures

A

Figure S1. Structural clusters of PaLipA, Lif: PaLipA complex, and open PaLipA. All structures
obtained over the smulation times of six MD trajectories for the three systems were clustered with
respect to Deon between H5 and H8 with a cutoft of 4 A. Two most populated clusters were identified
for eachsystem, with the representative structure shown as cartoon (lid domam HS5” (orange)) aligned
with the starting structure (lid domain H5 (orange) and HS (wheat)), highlighting the conformational
changes in lid domain. Further members of clusters are shown m ribbon representation. (A) Most
populated cluster obtained for PalipA; the representative structure shows the further closing of the lid
with Deay = 9.6 A, (B) Second most populated cluster obtained for PalipA, with Deoy = 14.8 A for

the representative structure mdicating partial opening of the lid. (C) For the Lif:PaLipA complex, the
2
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representative structure of the most populated chister shows further closing of the lid (Dogy = 12.1 &)
and is aligned with the starting homology model of the Lif:PaLipA complex. (D) The second most
populated cluster of the Lif:PaLipA complex shows partial opening of the active site with Doy = 14.6 A
for the representative structure. (E) The representative structure of the most populated cluster is aligned
with the X-ray structure of open PaLipA. Doy = 16.2 A indicates a partial closing of the lid for open
PaLipA. (F) The representative structure of the second most populated cluster with Degy = 13.9 A
mdicates a complete closure of the lid, starting from the open PaLipA conformation.

1.5 Free PaLipA [ Lif:PaLipA complex

0.0- -
10 12 14 16 18 20 22 10 12 14 16 18 20 22

Dcom [A] Dcom [A]
Figure S2. Overlap ofumbrella sampling simulations ofthe lid opening in free PaLipA (left) and

in the Lif PaLipA complex (right). Frequency distributions of values of the reaction coordinate

obtained from umbrella sampling simulations are shown.
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650 ns ——

PMF [kcal mol ]
w

Free PaLipA

Lif:PaLipA complex

0
10 12 14

16 18 20 22
Dcom [A]

Figure S3. Convergence ofthe PMFs ofthe lid openingin free PaLipA (left) and the Lif: PaLipA
complex (right). The development of the PMF profiles computed for the lid opening over the umbrella

sampling time as indicated by the color scale at the left is shown.

Free PalipA Lif:PaLipA complex
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Figure S4. Reweighting of configurations obtained from umbrella sampling ofactive site opening

in free PaLipA (left) and the Lif: PaLipA complex (right). The curves colored gray (right ordinate

values) depict the weight w' of a configuration ¢ computed according to eqs. 7 and 8 from ref. !, which
is normalized by dividng it by the sum of all weights for eachsystem. The respective PMF profike (black

and orange; left ordinate values) is overlaid. The reweighting & performed considering the entire

ensemble for each system between reaction coordinate valies 11.6 to 20.6 A.
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S5. Per-residue AG;cna for Lif calculated by CNA? on an ensemble of structures of the

Lif PaLipA complex generated from six unbiased MD simulations. The dashed line at 0.1 keal mol?!

mdicates the threshold value, and residues with higher AG, ya values are colored blue. The standard
error of mean is < 0.05 keal mol? for all residues. From top to bottom, AG, oy for Lif are shown when

perturbing the complex by removing constraints involving Lif residues F195, R199, R203, D218, and

R219, respectively.
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Pfleger, C.; Rathi, P. C.; Klein, D. L.; Radestock, S.; Gohlke, H. J. Chem. Inf. Model 2013,

Moradi, M.; Enkavi, G.; Tajkhorshid, E. Nat. Commun. 2015, 6, 8393.
53(4), 1007-1015.

structures ofthe Lif: PaLipA complex are shown upon perturbation of Lif residues 196-200, 202,

213,217, and 220. The standard error of the mean is < 0.05 kcalmol® for all residues. The residues
respective perturbations do not affect the stability of the PalipA residues above the threshold value of

with AG; owa value above the threshold value are shown m blue, and others are in gray. In all plots, the
0.1 kcal mol?.

Figure S6. Per-residue AG;cna for PaLipA and Lif calculated by CNA on an ensemble of

Supplementary References



Curriculum vitae

CURRICULUM VITAE

NEHA VERMA
Date of Birth: 2" November 1989
Birth Place: Bareilly, INDIA

EDUCATION:

Ph.D., Heinrich-Heine-Universitiit Diisseldorf, Diisseldorf, Germany, Computational
Pharmaceutical Chemistry and Molecular Bioinformatics (2014 - present)

Dissertation: “Energetics and dynamics of the lipase activation by the steric chaperone Lif in
Pseudomonas aeruginosa”

MS, NIPER University, Mohali, India, Pharmacoinformatics (2012 - 2014)
Thesis: “Metabolic inhibition of intestinal UGTs by pharmaceutical excipients: a mechanistic
study using molecular dynamics and in vitro studies”

BS, GBT University, India, Pharmacy (2008 - 2012)

RELEVANT TRAINING:

Markov State Modeling and Free Energy Calculation Workshop, Freie Universitit, Berlin,
Germany. 2016

Schrodinger Workshop, Heinrich Heine University Diisseldorf, Diisseldorf, Germany. 2017

Good Scientific Practice and Optimizing writing Strategies for publishing research
Workshop, Heinrich Heine University Diisseldorf, Diisseldorf, Germany. 2016

TEACHING EXPERIENCE:

Heinrich-Heine-Universitit, Dept. of Pharmacy, 2014 — 2019, laboratory instructor and
teaching assistant for Pharmacy students within “quantitative analysis” practical course

SELECTED GRANTS, PRESENTATIONS AND PUBLICATIONS:
Selected grants

Grant for computing time on Supercomputers at JSC, 2016-2017, Conformational dynamics of
the unbound lipase-specific foldase Lif

Grant for computing time on Supercomputers at JSC, 2017-2018, Analysis of the
conformational changes during activation of lipase A by its foldase

220



Curriculum vitae

Presentations and posters

Neha Verma
“Conformational dynamics of the steric chaperon MD simulations with MSM and FRET”.
Workshop on Markov modeling and Free Energy calculation, Freie Universitét, Berlin, 2016

Neha Verma
“Characteristics of the unbound state of Lipase foldase by integrative modeling”. Institute
seminar, Heinrich-Heine-Universitéit Diisseldorf, Diisseldorf, Germany, 2017

Neha Verma

“Quantitative characterization of the conformational dynamics of the unbound lipase-specific
foldase Lif by MD simulations and fluorescence spectroscopy”. 62" Annual Meeting of the
Biophysical Society, San Francisco, USA, 2018

Neha Verma, Holger Gohlke
“Conformational dynamics of unbound of the unbound lipase-specific foldase Lif studied by
MD simulations and fluorescence spectroscopy”. NIC symposium, Jiilich, Germany, 2018

Publications

N. W. Hieke, N. Verma, D. Schliitermann, N. Berleth, J. Deitersen, P. Bohler, F. Stuhldreier,
W. Wu, S. SeggewiB3, C. Peter, H. Gohlke, N. Mizushima, B. Stork. Systematic analysis of
ATG13 domain requirements for autophagy induction. Autophagy, pages 1-58, 2017.

S. P. Tripathi, R. Prajapati, N. Verma, A. T. Sangamwar. Predicting substrate selectivity
between UGTI1A9 and UGTIA10 using molecular modeling and molecular dynamics approach.
Molecular Simulations, Vol. 42, 2015.

In submission and preparation

Aldino Viegas, Peter Dollinger, Neha Verma, Jakub Kubiak, Thibault Viennet, Claus A.M.
Seidel, Holger Gohlke, Manuel Etzkorn, Filip Kovacic, and Karl-Erich Jaeger. Structural and
dynamic insights revealing how lipase binding domain MDI1 of Pseudomonas aeruginosa
foldase affects lipase activation.

Jakub Kubiak, Neha Verma, Peter Dollinger, Holger Gohlke, Claus A. M. Seidel, Filip Kovacic,
Karl-Erich Jaeger. Functional dynamics of a structurally minimalistic chaperone.

Neha Verma, Peter Dollinger, Filip Kovacic, Karl-Erich Jaeger, and Holger Gohlke. The
membrane-integrated steric chaperone Lif facilitates active site opening of Pseudomonas
aeruginosa lipase A.

221



